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REVIEW  OF  THE  LITERATURE 


The  nitrogen-boron  grouping  is  isosteric  and  iso- 
electronic  with  a carbon-carbon  grouping  (1).  For  tbis 
reason  aminoboranes  have  been  compared  with  analogous 
ethylene  compounds.  It  is  of  considerable  interest  as  to 
how  far  such  an  analogy  can  be  carried.  Of  particular 
interest  is  the  extent  of  double-bond  formation  between 
nitrogen  and  boron  and  how  such  double— bonding  affects  the 
physical  and  chemical  behavior  of  the  aminoboranes.  For 
example,  if  the  double-bond  character  is  sufficiently  high, 
cis-trans  isomerism  of  unsymmetrically  substituted  amino- 
boranes might  be  observed. 

During  the  past  few  decades  considerable  work  has 
been  done  on  trying  to  estimate  the  extent  of  double-bond 
formation  between  nitrogen  and  boron  in  aminoboranes.  In 
the  next  few  pages  the  literature  findings  on  this  subject 
will  be  briefly  reviewed. 

Early  Indications  of  N-B  Double  Bond  Character 

In  19-4-8  Wiberg  (2)  postulated  aromatic  character  for 
borazine  on  the  basis  of  some  physical  constants.  The 
observed  N-B  bond  length  is  between  that  of  a double  bond 
and  a single  bond.  The  observed  value  of  the  parachor  for 
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borazine  is  between  that  calculated  for  a single-bonded  and 
that  for  a double-bonded  species.  In  benzene,  the  large 
discrepancy  between  the  calculated  and  observed  vibrational 
frequency  of  the  non-planar  C-H  deformation  mode  is  believed 
to  be  due  to  the  aromatic  character  of  benzene.  Such  a 
large  discrepancy  exists  between  the  observed  and  the  calcu- 
lated vibrational  frequencies  of  the  B-H  or  N-H  non— planar 
deformation  mode  in  borazine. 

Further  spectroscopic  investigations  indicated  that 
there  is  appreciable  N— B double— bond  character  in  non— cyclic 
nitrogen-boron  compounds  also,  Aubrey's  (5)  IR  studies  on 
borazenes  showed  that  the  B-N  asymmetric  stretching  vibration 
is  of  higher  frequency  than  the  same  vibration  for  B-0  in 
boric  esters,  Aubrey  attributes  this  to  greater  pTc-pn  over- 
lap between  B-N  than  between  B-0, 

The  N-H  stretching  frequency  in  borazenes  indicates 
that  there  is  little  intermolecular  hydrogen  bonding.  There 
must  be  appreciable  double  bond  character  between  the  boron 
and  nitrogen,  thus  reducing  the  basicity  of  the  nitrogen, 
Niedenzu  and  Dawson  (4)  in  I960  proposed  the  exist- 
ence of  cis-trans  isomers  in  unsymmetrically  substituted 
aminoboranes.  Some  of  their  evidence  for  cis-trans  isomerism 
was:  (1)  There  are  found  two  and  only  two  "modifications" 
of  the  unsymmetrically  substituted  aminoboranes;  (2)  molecu- 
lar weights  of  the  "modifications”  indicated  identical 
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empirical  formulae;  (3)  rupture  of  the  N-B  bond  always 
yielded  the  secondary  amine  that  was  used  as  the  starting 
material;  (4-)  equilibration  between  the  "modifications”  was 
very  rapid,  occurring  at  room  temperature  without  further 
supply  of  energy.  The  sum  of  this' evidence  rules  out  inter- 
or  intra-mole cular  disproportionation,  but  leaves  hindered 
rotation  about  the  N-B  bond  as  the  cause  of  the  observed 
"modifications, ” 

Magnetic  Non-equivalence  of  Some  Aminoborane  Substituents 

In  1961 1 Ryschkewitsch,  Brey  and  Saji  (5)  demonstrated 
the  existence  of  magnetically  non-equivalent  boron  methyls 
in  CH^(C^H^)N-B(CHj)2.  The  NMR  spectrum  of  this  compound 
at  room  temperature  shows  two  BCH^  peaks,  which  correspond 
to  the  magnetically  non-equivalent  boron  methyls  cis  and 
trans  to  the  phenyl.  The  phenyl  substituent  on  nitrogen  is 
sufficiently  magnetically  anisotropic  so  as  to  cause  the 
shielding  of  the  BCH^  cis  to  the  phenyl  to  be  appreciably 
different  from  the  BCH^  trans  to  the  phenyl. 

As  the  temperature  was  raised,  the  BCH^  peaks 
broadened  and  finally  merged  at  100°.  At  still  higher 
temperatures  the  single  peak  became  more  narrow.  Such  be- 
havior of  the  NMR  spectrum  is  characteristic  of  intramolecu- 
lar rotation  when  the  rate  of  rotation  varies  with  temperature. 

Dimeric  forms  of  the  aminoborane  cannot  explain  the 
observed  spectrum  and  its  temperature  dependence.  The 


molecular  weight  indicated  the  monomeric  form  of  the  compound. 
The  authors  were  able  to  make  a preliminary  estimate  of  the 

barrier  to  rotation  as  15  + 5 kcal/mole  and  of  the  lifetime 

_2 

in  the  individual  molecular  states  as  10  sec  at  100°C, 

A little  later  the  same  year,  Barfield,  Lappert  and 
Lee  (6)  reported  non-equivalence  of  the  NCH^  peaks  for 
(CH^) 2^-3 (0^11^)01,  The  spectrum  of  the  compound  showed  two 
NCHj  peaks  at  room  temperature;  the  peaks  merged  at  118®C, 

The  activation  energy  for  the  hindered  rotation  was  estimated 
as  1^  kcal/mole,  Lappert  (7)  later  demonstrated  that  the 
NCHj  non-equivalence  in  this  compound  was  due  to  a shift 
difference  by  running  the  compound  at  40  and  60  Me,  The 
peak  separation  at  40  Me  was  two-thirds  of  that  found  at 
60  Me, 

Further  Aminoboranes  with  Magnetically  Non-equivalent  Sub- 

stituents 

In  the  subsequent  years,  non-equivalence  of  either 
the  N or  the  B substituents  has  been  observed  in  a number 
of  aminoboranes.  For  example,  Lappert  (7)  obtained  for  the 
non-equivalent  NCH^  peaks  of  (GH^)2N-B(C0H^)Br  a coalescence 
temperature  of  118®C  and  an  activation  energy  of  21,0  + ,7 
kcal/mole.  The  activation  energy  of  the  chloro  analogue 
had  been  found  to  be  14,0  + ,8  kcal/mole  (6,7) i The  higher 
barrier  to  rotation  in  the  bromo  case  is  attributed  to  the 
lessened  ability  of  the  bromine  to  Ti-bond  with  the  boron. 
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When  the  most  efficient  u-donor  halogen,  fluorine,  is 
substituted  on  the  boron,  no  NCH^  doublet  was  observed  even 
at  -50®C.  The  size  of  the  halogen  could  also  affect  the 
ease  of  rotation  about  the  N-B  bond, 

Lappert  also  observed  NCH^  non-equivalence  in 
(CHj)2N-B(CgH^)CH^.  This  observation  has  subsequently  been 
confirmed  by  Totani  (8)  and  Becher  (9)»  The  coalescence 
temperature  for  this  compound  was  found  to  be  99»5®C, 

Lappert  also  found  non-equivalence  of  NCH^  for 
(CHj)2N-B(CgH^)0CHj.  For  this  compound  the  merging  tempera- 
ture was  +57®  and  the  barrier  to  rotation  16  kcal/mole.  The 
high  activation  energy  of  this  compound  as  compared  to  the 
chi or 0 analogue  is  surprising,  since  oxygen  is  considered  to 
be  a better  electron  pair  donor  than  chlorine.  Possibly 
steric  effects  of  the  substituent  may  be  important, 

Lappert  also  found  non-equivalence  of  the  NCH^ 
protons  for  CHj(C2H^)N-B(CgH^)Cl  and  CH^(iso-C^H^)N-B(C^H^)Cl, 
The  activation  energy  for  the  former  was  estimated  as  11,5 
or  as  12,3  kcal/mole,  depending  on  what  method  of  calcula- 
tion was  used.  The  isomer  ratio  for  CH^( 020^) N-B (0^11^)01 
was  1:1,  while  that  for  CHj(iso-C^H^)N-B(CgH^)Cl  was  5:^. 

Lappert  could  not  detect  a second  NCH^  peak  even  at 
-50®C  for  C(CH^)2N]2BCgH^  or  for  CHj(CgH^)N-B(C^H^)Cl,  The 

same  broad  NCH,  signal  at  room  temperature  was  observed  for 
5 

the  latter  compound  as  had  been  found  by  Brey  et  al , (10), 
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Brey,  Fuller,  Hysclakewitsch,  and  Marshall  (10)  had 

refined  their  earlier  estimate  of  the  barrier  to  rotation 

in  CH^(CgH^)N-B(CH^)2  and  obtained  10.8  + .7  kcal/mole  as 

the  new  value.  The  frequency  factor  for  the  rotation  was 

8 —1 

estimated  to  be  2.9  x 10  sec"  . The  authors  point  out 
that  these  values  of  the  activation  energy  and  frequency 
factor  are  very  close  to  those  found  by  Rogers  and  Woodbrey 
(11)  for  N,N-dimethyl acetamide. 

Brey  et  al,  have  been  able  to  observe  cis-trans 
isomerism  in  CHj(C0H^)N-B(CgH^)CH^,  Both  the  NCH^  and  the 
BCHj  peaks  are  non-equivalent  below  room  temperature.  The 
isomer  in  larger  abundance  has  the  methyl  resonances  to 
higher  field.  Models  indicate  that  in  the  trans  isomer  the 
methyls  would  be  more  shielded,  therefore  the  trans  isomer 
must  be  in  greater  abundance.  The  authors  observe  that  the 
trans  isomer  in  dimethylstilbene  has  been  found  to  be  the 
energetically  favored  isomer  (12,15). 

The  natural  log  of  the  peak  area  ratio  of  the  two 
isomers  in  CH^(CgH^)N-B(C^H^)CH^  has  been  plotted  versus 
the  inverse  of  the  absolute  temperature.  The  plot  gave  a 
slope  at  room  temperature  which  corresponds  to  an  enthalpy 
difference  of  1.7  + »5  kcal/mole  between  the  two  isomers. 

For  this  compound  the  NCH^  peaks  merge  at  +75®  with 
a T value  of  6,90,  while  the  individual  NCH^  peaks  of  the 
two  isomers  have  T values  of  6,80  and  6,90  at  -25®C,  Thus 
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the  merged  NCH^  peak  at  +75®C  does  not  have  the  concentra- 
tion-weighted average  shift  of  the  isomers.  The  unexpected 
behavior  of  the  NCH^  resonances  is  attributed  to  a changed 
chemical  shift  in  one  or  both  of  the  isomers  with  changing 
temperature.  Such  a change  ”is  reasonable  if  the  weakening 
of  the  pi  N-B  bond  leads  to  a change  in  the  hybridization 
of  the  nitrogen  atom,  with  possible  loss  of  planarity  of 
the  bonds  surrounding  the  nitrogen, ” The  merged  BCH^  peak 
has  the  concentration-weighted  average  of  the  separate 
isomers, 

Brey  et  al.  observed  non-equivalent  NCH^  and  NCH2 
peaks  in  CH^(C^H^CH2)N-B(0gH^CH2)0gH^.  The  relative  intensity 
ratio  was  1,5^  for  the  NCH2  peaks  and  1,23  for  the  NCH^  peaks. 
The  BCH2  showed  a single  peak.  There  was  no  change  in  the 
spectrum  from  -25®  to  +75®. 

Totani,  Watanabe  and  Kubo  (8)  observed  non-equivalence 
of  the  BCH^  peaks  in  the‘  series  of  compounds  R(CgH^)N-B(CHj)2» 
where  R was  methyl,  ethyl,  isopropyl  and  tertiary-butyl.  The 
chemical  shifts  of  the  low-field  BCH^  peaks  remained  almost 
unaffected  by  the  nature  of  the  alkyl,  while  the  shifts  of 
the  up-field  BCH^  peaks  increased  with  increasing  size  of 
the  alkyl  group.  Earlier  work  of  Becher  and  Frick  (1^)  has 
shown  that  the  phenyl  group  must  be  increasingly  skewed  out 
of  the  molecular  plane  with  increasing  size  of  the  alkyl 
group.  The  more  nearly  the  plane  of  the  phenyl  ring  is  at 


a right  angle  to  the  plane  of  the  molecule,  the  more  the 
phenyl  ring-current  will  shield  the  methyl  group  cis  to  the 
phenyl,  while  the  methyl  group  trans  to  the  phenyl  will 
remain  essentially  unaffected.  Totani  et  al.  therefore  con- 
clude, that  for  their  series  of  compounds  the  up-field  BCH^ 
signals  must  he  due  to  the  BCH^  cis  to  the  phenyl,  while 
the  low-field  signals  must  he  attributed  to  the  BCH^  trans 
to  the  phenyl. 

Non-equivalence  of  the  NCH^  signals  for  the  series 
of  compounds  (CH^)2N-B(CgH^)R,  where  R was  methyl,  ethyl, 
isopropyl,  isohutyl  aind  tertiary  hutyl,  has  also  been 
observed  by  Totani  et  al.  The  same  effect  of  the  size  of 
the  alkyl  group  on  the  shielding  on  the  methyl  groups  was 
found  as  for  the  BCH^  series.  By  the  same  reasoning  the 
authors  attribute  the  up-field  methyl  peak  to  the  methyl  cis 
to  the  phenyl. 

Totani  et  al.  further  observed  non-equivalence  of 
the  NCH^  for  (CHj)2N-B(CgH^)Cl.  While  Brey  (10)  and  Lappert 
(7)  saw  only  one  NCH^  peak  for  CH^(C0H^)N-B(CgH^Cl , Totani 
et  al.  report  seeing  two  NCH^  peaks  of  area  ratio  31 s9. 
Totani  et  al.  obtained  IR  spectra  of  this  compound.  The 
spectrum  obtained  of  a sample  rapidly  cooled  after  heating 
to  250®C  differs  somewhat  from  the  spectrum  obtained  of  an 
unheated  sample.  On  leaving  the  heat-treated  sample  at  room 
temperature  for  about  a week,  an  identical  spectrum  was 


obtained  as  of  an  unseated  sample.  The  authors  attribute 
the  hysteresis  of  the  IR  spectra  to  slow  inter-conversion 
of  cis-trans  isomers  of  the  sample, 

Totani,  Tori  and  Watanabe  (15)  observed  non-equivalence 
of  NCHj  peaks  for  (CH^)2N-B(C0H^)C=CCH^  and 
(CH^)2N-B(CgH^)CsCCgH^,  The  barrier  to  rotation  obtained 
for  these  compounds  was  21  kcal/mole  and  19  kcal/mole, 
respectively.  For  (CH^)2N-B( 0^11^)023^  the  activation  energy 
of  the  hindered  rotation  was  found  to  be  19.7  kcal/mole, 
Cis-trans  isomerism  was  observed  in  CH^(C0H^)N-B(CHj)Cl 
and  in  CHj(CgH^)N-B(C0H^)CH^,  Totani,  Tori,  and  Watanabe 
estimated  the  barrier  to  rotation  to  be  15  kcal/mole  and 
15  kcal/mole,  respectively.  Non-equivalence  of 
CH^(C0H^)N-B(CH^)C1  had  previously  also  been  observed  by 
Totani  et  al,  (8,16), 

Baechle  and  Becher  (17)  observed  cis-trans  isomerism 
in  CHj(C^H^)N-B(CH^)0C2H^.  The  NMR  spectrum  of  this  com- 
pound showed  two  NCH^  and  two  BCH^  peaks.  The  intensity 
ratio  was  estimated  to  be  between  1:10  and  1:20,  Of  the 
B0CH2CH^  group,  only  the  CH^  appeared  to  be  non-equivalent, 
but  not  the  CH2,  Baechle  and  Becher  attribute  this  to  the 
fact  that  the  preferred  orientation  of  the  OCH2  is  along 
the  N-B  axis,  and  thus  the  CH2  is  not  shielded  differently 
by  the  phenyl  ring  current  in  the  cis  and  trans  forms. 
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Above  120°C  the  peaks  for  the  non-equivalent  groups 
broadened,  but  did  not  merge  yet.  Hysteresis  of  the  NMR 
spectrum  was  observed.  The  spectrum  of  a sample  which  had 
been  rapidly  cooled  from  120°  to  20°C  showed  increased  peak 
size  for  the  less  abundant  isomer.  Re-equilibration  at 
room  temperature  took  several  hours. 

No  indication  of  cis-trans  isomers  could  be  observed 
in  either  the  IR  or  the  Raman  spectra. 

For  phenyl  substituted  aminoboranes , Becher  and 
Baechle  (18)  have  been  able  to  correlate  the  observed  CH^ 
chemical  shifts  with  those  obtained  from  calculations, 
assuming  a skew  angle  for  the  phenyl  group. 

The  effect  of  a phenyl  ring  on  the  chemical  shift  of 
neighboring  protons  has  been  calculated  by  Becher  and 
Baechle  following  the  method  of  Waugh  and  Fessenden  (19), 
and  Johnson  and  Bovey  (20).  Bond  angles  of  120°  for  both 
N and  B,  also  coplanarity  of  all  N and  B bonds,  were  assumed. 
Known  bond  lengths  of  N-B  compounds  were  used.  The  authors 
varied  the  skew-angle  between  the  phenyl  ring  and  the  N-B 
bond  plane,  and  for  each  value  of  the  angle  calculated  the 
change  in  shielding  for  the  methyl  protons. 

By  comparing  the  observed  change  in  shift  on  phenyl 
substitution  with  a plot  of  the  calculated  change  in 
shielding  versus  the  skew  angle,  it  should  be  possible  to 
obtain  a skew  angle  for  the  given  compound.  The  difficulty 
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■wx-tii  tills  approacti  miglit  be  tbat  pbenyl  substitutioii  could 
affect  the  bonding  character  of  the  N-B  bond  and  thus  in- 
fluence the  methyl  shift.  But  by  using  the  shift  difference 
between  the  two  BCH^'s  in  B(CH^)2»  effect  of 

phenyl  substitution  on  the  bonding  is  automatically 
eliminated.  Using  the  experimental  chemical  shift  difference 
between  cis  and  trans  BCH^  of  the  above  compound j the 
authors'  plot  yielded  a phenyl  skew  angle  of  60  + 2®  for 
phenyl  on  nitrogen.  By  using  the  value  thus  obtained  for 
the  skew  angle,  Becher  and  Baechle  were  able  to  predict  the 
shifts  of  the  BCH^’s  in  (C^H^)2N-B(CHj)2  and  the  shift  of 
the  NCHj  in  CH^(CgH^)N-B(CH^)2.  The  predicted  values  agree 
to  0.1  ppm  or  better  with  the  observed  values. 

Using  the  same  procedure,  Becher  and  Baechle  obtained 
a skew  angle  of  ^8®  for  (CHj)2N-B(C^H^)CH^  and  were  able  to 
predict  the  NCH^  shift  of  (CHj)2N-B(C0H^)2  to  0.05  ppm* 
Similarly  the  NCH^  and  BCH^  shifts  for  CHj(C0H^)N’-B(C0H^)CHj 
are  predicted  to  0.1  ppm. 

However,  no  cis-trans  isomers  could  be  observed  in 
the  infra-red  spectrum  of  this  compound  (21).  Also,  the 
NCHj  peaks  in  the  NKR  spectrum  merge  at  75°C,  which  is 
considerably  lower  than  the  120®C  temperature  observed  by 
Baechle  and  Becher  (17)  for  the  peak  broadening  of 


CHj ( ) N-B ( OCH2CH j ) CH j . 
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For  these  reasons  Becher  and  Baechle  proposed  that 

the  two  magnetically  non-equivalent  forms  of 

CH,(C^Hr)N-BCCH,)C^Hc  are  not  due  to  cis-trans  isomerism, 

5 o p pop 

but  rather  to  forms  of  the  trans  isomer  which  have  the  phenyl 
groups  skewed  out  of  the  plane  and  which  also  have  tilting 
about  the  N-B  bond, 

Becher  and  Baechle  assume  restricted  rotation  about 
the  N-B  bond  and  also  about  the  and  bonds. 

With  these  assumptions  one  obtains  four  different  molecular 
forms,  but  only  two  different  magnetic  environments  for  the 
NCH,  and  the  BCH,.  Thus  one  still  expects  to  see  only  two 

p p 

NCHj  peaks  and  two  BCH^  peaks, 

Becher  and  Baechle  make  no  mention  of  the  ci s form, 
but  since  only  two  resonances  are  observed  for  each  of  the 
methyls,  the  cis  form  must  either  be  energetically  highly 
unfavored  or  the  shifts  in  the  cis  form  must  exactly  coin- 
cide with  those  of  the  trans  forms.  It  appears  to  the 
writer  that  the  latter  condition  would  be  quite  improbable. 
Neither  seems  the  complete  freezing  out  of  the  cis  form, 
even  at  +125°C,  more  reasonable  than  the  observed  rather 
low  merging  temperature  of  75°C,  Lappert  (7)  has  observed 
a merging  temperature  of  99.5°C  for  (CHj)2N~B(C0H^)CHj  and 

57 “C  for  (CHj)2N-B(C3H^)0CHj. 

It  appears  to  the  writer  that  lack  of  cis-trans 
isomers  in  the  IR  spectrum,  while  noteworthy,  does  not  seem 
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proof  enough,  that  such  isomers  could  not  he  observed  in  the 
NIiR  spectrum  of  CHj(C0H^)N-B(C0H^)CH^.  As  Baechle  and 
Becher  (17)  say  for  CHj(C0H^)N-B(CH5)OCH2CHj : "Since  the 

vibration  freo.uencies  of  the  two  forms  will  be  largely  the 
same  or  at  least  very  close  together,  it  is  understandable 
that  with  such  different  population  ratios  no  indication 
for  the  existence  of  two  isomers  can  be  found  in  the  Raman 
or  IR  spectra  of  the  compound." 

However,  in  their  later  article  Becher  and  Baechle 
(18)  go  on  to  calculate  for  CHj(C0H^)N— B(C0H^)CH^  the  ex- 
pected change  in  shielding  for  vairious  values  of  the  skew 
angle  about  the  N-B  bond  and  about  the  and 

bonds.  If  the  authors  assume  that  the  N-B  skew  angle  is  no 
greater  than  ^5°,  they  obtain  a value  of  55°  for  the  phenyl 
skew  angles  and  40®  for  the  N-B  skew  angle  to  give  the  ob- 
served shielding  of  the  BCH^.  To  account  for  the  observed 
NCHj  shifts,  the  authors  obtain  10®  for  the  N-B  skew  angle. 
Thus  the  agreement  between  the  two  methods  is  rather  poor. 

For  CHj(C0H^)N-B(C0H^)2,  the  value  predicted  for  the 
shift  change  agrees  to  better  than  0.1  ppm  with  the  observed 
value.  Due  to  technical  difficulties,  Becher  and  Baechle 
were  unable  to  cool  the  sample  below  20° C.  Thus  they  could 
not  observe  the  two  NCH^  resonances  which  may  result  at  low 
temperatures,  if,  again,  restricted  rotation  about  the  same 


three  bonds  is  proposed. 


Becher  and  Baechle  were  able  bo  prepare  a mixture 
containing  mostly  (CgH^)2N-B(CgH^)2»  about  10  per  cent 
(C^H^)2N-B(C6H^)CH^  and  even  less  (C^H^)2N-B(CH^)2.  Ttie 
NMS  spectrum  of  a CCl^  solution  of  tbe  mixture  gave^  besides 
tbe  strong  pbenyl  absorption  and  an  absorption  at  9.61  T, 
attributed  to  tbe  BCH^’s  in  (CgH^)2N-B(CHj)2,  two  further 
small  peaks  at  9.57  and  9.18  Y.  These  have  been  assigned 
to  the  BCH^  in  (CgH^)2l^“8(C0H^)CHj. 

Substituent  Effects  and  the  Barrier  to  Rotation 

The  IR  studies  of  Becher  (9)  and  of  Baechle  (17) 
indicate  that  replacing  an  alkyl  group  on  boron  by  a 
(jlilorine  increases  the  N— B double  bond  character.  These 
authors  attribute  the  higher  frequency  of  the  N-B  vibration 
in  the  chloro-substituted  aminoborane  to  increased  N-B  bond 
order.  Becher 's  and  Baechle 's  IR  studies  further  show  that 
replacement  of  an  alkyl  by  an  aryl  group  on  either  the 
nitrogen  or  the  boron  decreases  the  N-B  bond  order,  as 
indicated  by  lower  frequency  vibrations.  Replacement  of 
hydrogen  on  nitrogen  by  either  deuterium  or  an  alkyl  group 
increases  the  N-B  double  bond  character. 

The  activation  energies  obtained  from  the  NMR  studies 
show  some  correlation  to  the  substituent.  By  comparing  the 
activation  energies  of  10.8  + .7  kcal/mole  for 
CHj(CgH^)N-B(CHj)2  (10)  with  the  activation  energy  of  15 
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kcal/mole  for  CHj(CgH^)N-B(CH^)Cl  (15)  we  see  tliat  replace- 
ment of  a metliyl  on  boron  by  chlorine  increases  the  activa- 
tion energy.  Such  increase  in  the  barrier  to  rotation  may 
be  due  to  resonance  stabilization,  to  the  inductive  effect 
or  to  the  steric  effect  of  the  substituent. 

For  compounds  of  the  type  (CHj)2N-B(Cg^H^)X,  the 

effect  of  X has  already  been  mentioned  (7).  Thus  Lappert 

(7)  has  obtained  for  various  X the  following  activation 

energies:  Cl,  1^.0  + .8  kcal/mole;  Br,  21.0  + .7  kcal/mole; 

OCH,,  16  kcal/mole;  while  Totani,  Tori,  and  Vatanabe  (15) 

5 

obtained:  C^H^,  19*7  kcal/mole;  CsCC^H^,  19  kcal/mole; 

CsCCH,,  21  kcal/mole.  Thus  if  a phenyl  group  and  an  ethyl 
group  are  attached  to  the  boron,  replacement  of  the  ^2^^ 
by  Cl  or  OCH^  reduces  the  activation  energy.  Replacement 
of  the  C2H^  on  the  boron  by  Br,  CsCC^H^  or  C=CCH^  has  little 
effect  on  the  activation  energy.  Apparently  when  a phenyl 
is  attached  to  the  boron,  the  mesomeric  effect  of  the  other 
substituent  is  more  important  than  its  size  or  electro- 
negativity. 

If  we  compare  the  activation  energies  of  1^.0  + 0,8 
kcal/mole  for  (CH^)2N-B(CgH^)Cl  (7)  and  11.9  + 0.^  kcal/mole 
for  CHj(C2H^)N-B(C^H^)C1  (7),  we  see  that  replacement  of  a 
CH,  on  N by  a CoHc  reduces  the  activation  energy  somewhat. 
This  probably  is  due  to  the  size  of  the  ethyl  group. 
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The  Barrier  to  Rotation  and  the  NCH,  Chemical  Shifts 

2 

The  chemical  shifts  of  the  NCH^  for  compounds  of  the 
type  R(CHj)N-B(CgH^)X  have  been  plotted  versus  the  activa- 
tion energy  in  Figure  1.  For  the  compounds  in  Figure  1,  R 
was  CHj  or  C2H^,  while  X was  Cl,  Br,  OCH^,  C=CCH^  or 
CsCCgH^.  The  chemical  shift  values  and  activation  energy 
values  used  in  Figure  1 were  obtained  from  references  7»  8, 
10,  and  15. 

We  expect  a high  activation  energy  of  the  barrier  to 
rotation  to  indicate  efficient  pm-pu  donation  from  N to  B, 
This  should  result  in  decreased  electron  density  on  the 
nitrogen  and  hence  decreased  shielding  of  the  NCH^.  Figure 
1 shows  such  a general  trend  of  decreased  RCH^  chemical 
shift  for  large  activation  energy,  with  the  exception  for 
X = OCHj  and  activation  energy  16  kcal/mole.  Lappert  (7) 
attributed  the  high  activation  energy  in  this  compound  to 
steric  problems. 

Insufficient  data  are  available  in  the  literature  to 
make  a similar  plot  for  compounds  of  the  type  CH^(CgH^)NBXX' 
or  YY'NBXCHj. 

Also,  no  data  are  available  in  the  literature  on  B^^ 
or  chemical  shifts  of  these  compounds.  The  boron  and 
nitrogen  shifts  are  expected  to  be  much  more  sensitive  indi- 
cators of  the  N-B  bond  order  than  the  alkyl  substituents  are. 
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X up-field  NCH^  peak 
• low-field  NCH^  peak 
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The  NMR  studies  of  Hawthorne  (22)  have  shown  that 
monomeric  aminoboranes  have  shifts  down— field  from 

B(OCHj)j,  while  dimeric  aminoboranes  have  B^^  shifts  up- 
field  from  B(OCH^)j.  Thus  the  boron  shift  should  be  a good 
indicator  as  to  the  polymeric  state  of  the  given  amino- 
borane. 

Summary  of  the  Literature  Findings 

To  sum  up  the  literature  findings,  we  note  that  mag- 
netic non-equivalence  of  the  BCH^  and  NCH^  groups,  due  to 
restricted  rotation  about  the  N-B  bond,  has  been  observed 
for  a number  of  aminoboranes.  For  each  case  of  BCH^  non- 
equivalence a phenyl  group  was  attached  to  the  nitrogen. 
Non-equivalence  of  NCH^  was  caused  by  either  a phenyl  or  a 
chlorine  on  the  boron. 

For  a number  of  the  aminoboranes  the  barrier  to 
rotation  about  the  N-B  bond  has  been  estimated.  These 
estimates  ranged  from  10,8  to  21  kcal/mole.  For  those 
aminoborsnes  where  unequal  population  of  isomers  was  observed 
the  trars  isomer  appeared  to  be  always  the  favored  one. 

The  methyl  chemical  shifts  in  the  aminoboranes  have 
been  correlated  with  the  size  of  the  other  alkyl  substitu- 
ents and  also  with  the  phenyl  skew  angle.  Some  correlation 
between  the  substituent  effects  and  the  activation  energy 
has  been  observed.  The  NCH,  chemical  shifts  and  the  observed 
activation  energy  of  a given  compound  aG.so  seem  to  be  re- 


lated 
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There  is  some  indication  from  IR  studies  that  for 
CH^(C^H^)N-B(CgH^)CH^  the  observed  magnetic  non-equivalence 
is  due  to  restricted  rotation  about  the  N-B,  the 

- bonds,  rather  than  to  cis-trans  isomerism, 
aryl  * 


and  the  B-C 


AIM  OF  THE  INVESTIGATION 


The  present  NMR  investigation  was  undertaken  to  ob- 
tain more  information  about  the  N-B  linkage  in  aminohoranes. 

It  was  hoped  that  restricted  rotation  about  the  N-B  bond 
could  be  observed  in  some  of  the  aminohoranes  which  had 
previously  not  been  investigated  and  that  the  barrier  to 
rotation  for  such  cases  could  be  estimated,  Aminohoranes 
with  substituents  of  large  magnetic  anisotropy,  such  as 
cyclopropyl  and  vinyl,  were  to  be  studied  to  see  if  the 
range  of  substituents  which  cause  observable  shift  differ- 
ences could  be  extended  to  include  these  substituents. 

By  studying  aminohoranes  with  functional  groups,  it 
was  hoped  that  the  effect  of  the  substituent  could  be  re- 
lated to  the  nature  of  the  N-B  bond.  Of  particular  interest 
were  groups,  such  as  phenyl,  vinyl,  chloro,  which  could 
conjugate  with  the  N-B  linkage,  and  thus  affect  the  barrier 
to  rotation.  It  was  hoped  that  the  chemical  shifts  of  the 
substituents  could  be  related  with  the  barrier  to  rotation 
about  the  N-B  bond. 

The  effect  of  a basic  and  an  acidic  solvent  on  the  bar- 
rier to  restricted  rotation  about  the  N-B  bond  was  to  be  stud- 
ied, A careful  proton  chemical  shift  study  of  the  substituent 
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groups  was  planned.  The  effect  of  both  temperature  and 
solvents  on  the  shifts  was  to  be  investigated.  Changes  of 
shift  with  temperature  or  solvent  might  indicate  changes 
in  the  bonding  of  the  aminoborane. 

The  aminoboranes  with  vinyl  on  the  boron  are  examples 
of  compounds  of  the  type  N=B-C=C,  which  can  be  considered 
semi-analogs  of  the  butadiene  system.  Compounds  of  this 
type  have  previously  not  been  described.  It  was  hoped  that 
the  present  NMR  investigation  would  furnish  information  on 
the  effect  of  the  vinyl  group  on  the  N-B  bond.  Whether 
conjugation  over  the  entire  system  is  great  enough  to 
restrict  the  rotation  about  the  B-C  vinyl  bond  remains  to 
be  seen. 

The  careful  determination  of  the  B^^  shifts  of  a 
number  of  aminoboranes  and  related  nitrogen-boron  compounds 
was  planned  in  order  to  obtain  correlation  between  the  boron 
shifts  and  the  substituent  effects. 


EXPERIMENTAL  TECHNIQUE 


The  nuclear  magnetic  resonance  spectra  were  obtained 
on  a Varian  model  DP-60  spectrometer.  The  proton  spectra 
were  run  at  60  Me  operating  frequency,  while  the  boron 
resonances  were  obtained  at  19.3  Me. 

The  sample  temperature  was  +(52+2) ®C,  unless  other- 
wise specified.  For  temperature  dependence  runs  the  Varian 
variable  temperature  probe  was  employed.  The  temperature 
of  the  sample  was  changed  by  passing  a stream  of  cooled  or 
heated  nitrogen  past  the  sample.  Once  a desired  temperature 
was  reached,  the  sample  was  equilibrated  at  least  one-half 
hour  before  measurements  were  begun.  The  temperature  during 
a given  run  was  held  constant  to  +1°C,  The  sample  tempera- 
ture was  monitored  with  a copper-constantan  thermocouple. 

The  thermocouple  and  the  probe  had  previously  been  cali- 
brated using  the  known  temperature  dependence  of  the  chemical 
shifts  of  methanol  and  of  ethylene  glycol.  The  temperatures 
reported  are  believed  to  be  accurate  to  +2®C. 

The  samples  of  CgH3_^(CHj)N-B(CH^)2,  CgH^(CH^)N-B(CH^)2, 
CgH^^(CH^)N-B(Cl)2,  (C2H^)2N-B(C1)2,  and  CgH^(C2H^)N-B(Cl)2 
were  prepared  by  Dr.  G,  E,  Ryschkewitsch,  of  this  department. 
All  the  other  samples  were  supplied  by  Dr,  K.  'Niedenzu  and 
Dr.  P.  Fritz  of  Durham,  North  Carolina, 
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Solutions  of  the  samples  were  prepared  in  a DriLab 
Vacuum  Atmospheres,  Inc.,  dry -box.  Only  solvents  thoroughly 
dried  over  molecular  sieve  were  used.  The  neat  liquid 
samples  or  the  solutions  were  then  degassed  and  sealed 
under  vacuum. 

The  lower  temperatxare  limit  of  the  investigations 
was  set  by  the  freezing  point  or  the  loss  of  resolution  of 
the  given  sample.  The  upper  temperature  limit  was  set  by 
the  vapor  pressure  of  the  sample  that  was  deemed  safe  for  a 
sealed  sample  tube.  Thus  a sample  was  not  heated  beyond 
approximately  10°  below  its  boiling  point  at  atmospheric 
pressure. 

The  spectra  were  calibrated  using  audio  frequency 
modulation.  The  sweep  rate  was  found  to  be  linear  to  better 
than  3 per  cent.  All  the  values  reported  for  the  chemical 
shifts  and  the  peak  separations  are  the  average  of  five  to 
ten  independent  determinations,  unless  otherwise  noted. 

The  indicated  scatter  in  these  values  is  the  average 
deviation  from  the  mean  of  these  determinations. 


EXPERIMENTAL  RESULTS 


The  Proton  Spectra 

The  peaks  in  the  proton  spectra  of  all  the  amino- 
horanes  in  this  study  could  be  assigned  without  difficulty. 
The  spectra  of  these  aminoboranes  agree  well  in  appearance, 
chemical  shift,  fine-structure  and  area  ratio  with  those  of 
aminoboranes  to  be  found  in  the  literature.  No  aminoboranes 
with  vinyl  on  boron  or  cyclopropyl  on  nitrogen  have  been 
reported  in  the  literature,  but  the  assignment  of  these 
substituents  in  the  present  compounds  could  be  made  by 
analogy  with  their  assignments  in  other  organic  compounds. 

The  samples  of  the  present  study  were  pure  except  for 
a small  impurity  peak,  area  ratio  corresponding  to  0.1 
hydrogen  or  less,  just  up-field  of  the  NCH^  peak  in 
(CHj)2N-3(CH^)CH=CH2  and  (CH^)2N-B(CHj)Cl . The  sample  of 
CHj(C0H^)N-B(CgH^)CH=CH2  contained  two  of  these  small  peaks. 

The  sample  of  C^H^(H)N-B(CHj)2  contained  three  small 
impurity  peaks,  area  ratios  less  than  0,1  hydrogen,  at  6.3, 
6.5,  and  7.1  These  small  impurity  peaks  had  been  present 
in  the  spectra  of  the  amines  which  were  used  as  the  starting 
material  (23). 

The  sample  of  (CHj)2N-B(C0H^)CH=CH2  contained  a small 
amount  of  vinylic  polymer.  At  elevated  temperatures  the 
vinylic  polymer  became  visible  as  a broad  peak  at  8.4  T. 
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All  the  samples,  except  CHj(C^H^)N-B(CgH^)CH=CH2 
and  (CHj)2N-B(CHj)C1  were  liquids  at  room  temperature.  For 
the  liquid  samples,  the  temperature  dependence  of  the  non- 
equivalent groups  was  first  investigated  in  the  neat  liquid 
sample.  Usually  the  temperature  range  for  a neat  liquid 
aminoborane  was  considerably  greater  than  for  a CCl^  solution 
of  the  same  compound.  The  results  of  the  neat  liquid  investi- 
gations are  to  be  found  in  Tables  1,  5»  6,  7,  and  19. 

To  minimize  possible  solute-solute  interactions, 
chemical  shifts  are  best  determined  in  dilute  CCl^  solutions. 
The  temperature  dependences  of  the  chemical  shifts  and  of  the 
non-equivalent  peak  separations  have  been  investigated  in 
CCl^  solutions  for  all  the  samples  except  CjH^(H)N-B(CH^)2» 
for  which  the  sample  had  to  be  saved  for  dilution  studies  in 
other  solvents.  The  results  of  the  CCl^  studies  are  sum- 
marized in  Tables  8,  9,  10,  11,  20,  and  21. 

Since  the  chemical  shifts  showed  such  small  tempera- 
ture dependence,  whenever  possible  the  shifts  have  been 
determined  and  reported  to  0,001  ppm,  although,  in  many 
cases,  the  experimental  scatter  was  a good  bit  larger  than 
0,001  ppm.  As  was  mentioned  in  the  section  on  the  experi- 
mental technique,  the  experimental  scatter  is  the  average 
deviation  from  the  mean  of  five  to  ten  independent  deter- 
minations. Only  by  determining  and  reporting  the  chemical 
shifts  to  an  extra  significant  figure  could  we  hope  to 
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establisii  the  presence  of  any  weak  temperature  dependence 
of  the  chemical  shifts. 

In  the  aminohoranes  of  this  study,  the  phenyl 
spectrum  usually  consists  of  a large  central  peak  and 
several  small  lines.  In  reporting  the  chemical  shift,  the 
position  of  the  large  peak  was  given.  No  attempt  has  been 
made  to  analyze  the  spectrum  of  the  phenyl  group  further. 

Computer  analysis  of  the  spectrum  of  the  vinyl  group 
is  planned.  Until  such  an  analysis  is  complete,  the  chemi- 
cal shifts  of  the  individual  protons  in  the  vinyl  group 
cannot  be  determined.  In  the  tabulations  of  the  chemical 
shifts  the  position  of  a prominent  central  peak  in  the  vinyl 
part  of  the  spectrum  has  been  included. 

No  attempt  has  been  made  to  analyze  the  spectra  of 
the  n-C^Hg  and  groups,  and  estimates  as  to  their 

chemical  shifts  are  generally  not  included  in  the  chemical 
shift  tables. 

The  temperature  dependences  were  investigated  in  the 
mildly  acidic  solvent,  CDCl^,  for  (CHj)2U-B(CH^)CH=CH2, 
CCH^)2N-B(CgH^)CH=CH2,  n-C^H^(GHj)N-B(CgH^)CH=CH2 , and 
(CHj)2N-B(n-C^Hg)Cl.  The  results  of  these  investigations 
ane  to  be  found  in  Tables  14,  16,  17 » and  22. 

The  room  temperature  spectrum  of  neat  liquid 
CjH^(H)N-B(CH^)2  consists  of  a broad  NH  peak  at  7.4 
group  of  seven  unsymmetrical  lines  centered  at  7*55 


a 
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attributed  to  the  CH  proton,  and  finally  a complex  group  of 
lines  above  9 T,  belonging  to  the  CH2  and  BCH^  protons. 

Since  the  CH2  and  BCH^  resonances  overlap  to  a considerable 
extent,  solvent  studies  in  benzene  and  m-xylene  have  been 
carried  out  to  achieve  preferential  shielding  and  separation 
of  these  peaks.  The  results  of  these  studies  are  contained 
in  Tables  2,  and 

The  results  of  the  studies  in  d^-DMS  as  solvent  are 
summarized  in  Tables  13,  I5,  and  18.  For  the  d^-DMS  solu- 
tions the  d^-DMS  peak  of  the  solvent  had  to  be  used  as  the 
standard,  since  TMS  is  insoluble  in  this  solvent.  The 
chemical  shift  of  the  d^-DMS  peak  in  a 1:1  CDCl^  solution 
with  TMS  internal  standard  has  been  found  to  be  7.^58  + 

.007  T.  In  all  the  other  solvents  and  in  neat 
CjH^(H)N-B(CHj)2  TMS  internal  has  been  used  as  the  standard. 

Unless  specifically  otherwise  stated,  the  amino- 
boranes  were  not  decomposed  by  the  solvents  used.  In 
particular  d^-DMS  did  not  decompose  C^H^(H)N-B(CHj)2 j 
(CH^)2N-B(CH=CH2)CHj,  CH^(n-C^H^)N-B(CgH^)CH^,  and 
CHj(C0H^)N-B(CgH^)CH=CH2.  Except  for  changes  in  the  contours 
of  some  of  the  non-equivalent  peaks,  the  spectra  of  the 
aminoboranes *in  the  solvents  used  were  identical  in  appear- 
ance, fine  structure  and  area  ratio  with  those  of  the  neat 
liquid  samples  or  the  CCl^  solutions.  The  chemical  shifts, 
except  for  the  anticipated  solvent  effects,  were  the  same 
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also.  The  changes  in  the  shapes  of  some  of  the  non-equiva- 
lent peaks  in  the  dg^-DMS  solutions  will  he  discussed  later. 
These  changes  had  been  anticipated  and  they  do  not  indicate 
that  the  sample  was  ruptured  by  d^-DMS. 

The  room  temperature  chemical  shifts  and  peak  sepa- 
rations of  the  aminoboranes  in  various  solutions  are 
summarized  in  Table  23. 

The  Resonances 

The  boron  chemical  shifts  have  been  obtained  relative 
to  external  B(OCH^)^.  Liquid  samples  have  been  run  neat  and 
solids  in  CCl^  solution,  unless  otherwise  indicated.  The 
boron  shifts  for  the  aminoboranes  and  for  the  related 
nitrogen-boron  compounds  are  contained  in  Table  24, 
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TABLE  2 


QUALITATIVE  DILUTION  STUDY  OF  C^H^(H)N-B(CHj)2  IN  BENZENE 


Approximate 
Volume  Sample 
to  Volume 

Chemical 

Shifts  (T) 

BCH,  Peak 
5 

Separation 

Solvent 

BCH, 

(ppm) 

1:1 

9.5^^+. 014 

9.760+,008 

,209+. 005 

1:3 

* 

* 

* 

1:7 

9,473±.017 

9, 678+, 008** 
9.695+.0017 

,205+. 005* 
,222+, 007 

At  1:5  dilution  the  BCH^  and  the  CH2  peaks  overlap 

to  such  an  extent  that  the  BCH,  peaks  could  not  be  singled 
out.  5 


The  up-field  BCH^  peak  is  quite  broad  at  this  dilu- 
tion due  to  overlap  with  some  of  the  CH2  lines.  Hence  the 

ambiguity  as  to  the  exact  location  of  this  peak  in  the 
spectrum. 
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TABLE  5 

CONCENTRATION  DEPENDENCE  OF  C^H^(E)N-B(CHj)CH^  IN 
m-XYLSNE  SOLUTIONS 


Volume  Sample 

BCH.  Peak 

to  Volume 

Chemical 

Shift  ( r ) 

Separation 

Solvent 

BCH;^ 

CPPm) 

1:1 

9. 586+. Oil 

9. 808 +.006 

.222+. 007 

1:5 

1:7 

♦ 

9. 568+. Oil 

* 

9. 7^7+. 010** 
9. 762+. 008 

♦ 

.180+. 005* 
.195+. 002 

1::15 

9.575+.002 

9.7^5±.005 

.167+. 005 

^At  1:5  dilution  the  BCH^  and  the  CH2  peaks  overlap 

to  such  an  extent  that  the  BCH,  peaks  could  not  he  singled 
out. 


**The  up-field  BCH^  peak  is  quite  broad  at  this  dilu- 
tion due  to  overlap  with  some  of  the  CH2  lines.  Hence  the 

ambiguity  as  to  the  exact  location  of  this  peaQc  in  the 
spectrum. 
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TABLE  4 

TEMPERATURE  DEPENDENCE  OF  C^H^(H)N-B(CH^)2 • 
SOLUTION;!  VOLUME  SAMPLE  TO  15  VOLUMES  m-XYLENE 


Temperature 

(®c) 

CLemical 

Shift  ( r ) 
BCH^ 

BCH^  Peak 
Separation 
foom') 

+60 

9. 588+. 010 

9. 758+. 006 

.175+. 008 

+A-^ 

9.580+.01^ 

9.752+.010 

.172+.007 

+52 

9. 575+. 002 

9. 7^5+. 005 

.167+. 005 

+ 8 

9.512+.004 

9.756+.004 

.223+. 005 

-12 

9.A-85+.008 

9.723+.005 

.228+. 008 

-5^ 

9.W+.008 

9.705+.008 

.213+.007 

-52 

9. 525+. 006 

9.751+.005 

.207+. 007 
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TABLE  5 

TEIIPERATURE  DEPENDENCE  OF  THE  NCH^  PEAK  SEPARATIONS 
OF  (CH^)2N-B(CHj)CH=CH2.  NEAT  LIQUID 


Temperature 

(°C) 


NCH,  Peak  Separation 
5 (ppm) 


+70 
+50 
+32 
+12 
- 8 
-3^ 
-50 
-70 
-90 


.047  + .002 
.048  + .005 
.047  + .002 
.052  + .002 
.053  ± .002 
.053  ± .005 
.053  + .005 
.062  + .007 
,.065  + .005 
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TABLE  6 

TBKPEILA.TURE  DEPENDENCE  OF  THE  NCH^  PEAK  SEPARATION 
OF  (CH^)2N-B(C^H^)CH=CH2.  NEAT  LIQUID 


Temperature 


(°C) 


NCH^ 


Peak  Separation 
(ppm) 


+120 
+ 90 
+ 59 
+ 32 
+ 10 
- 10 


.217  + .005 
.207  i .005 
.205  i .005 
.198  + .005 
.195  ± .003 
.187  + .003 
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TABLE  7 


TEMPERATURE  DEPENDENCE  OF  THE  NCH^  PEAK  SEPARATION 
OF  n-C^Hg(CHj)N-B(CgH^)CH=CH2.  neat  LIQUID 

Temperal/ure  NCH;,  Peak  Separation 

(®C)  ^ (ppm) 


+120 

.225 

+ .005 

+ 90 

.220 

+ .005 

+ 59 

.215 

+ .005 

+ 32 

.207 

+ .005 

+ 10 

.20^ 

+ .002 

1 

O 

.198 

+ .005 
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TABLE  11 

TEMPERATURE  DEPENDENCE  OP  THE  PROTON  CHEMICAL  SHIFTS 
OF  CH^(CgH^)N-B(CgH^)CH=CH2.  SOLUTION: SATURATED  IN  CCl^ 


Temperature 

(®C) 

Chemical 

Shift  ( r ) 

CH= 

« * 

“CHp 

NCH, 

.2 

+70 

2.9^ 

+ .01 

^.17 

+ .01 

6.92 

+ .01 

+50 

2.95 

+ .01 

^.16 

+ .05 

6.91 

+ .01 

+32 

2.93 

+ .01 

^.21 

+ .03 

6.91 

+ .01 

+10 

2.90 

+ .01 

4.20 

+ .06 

6.93 

+ .01 

0 

2.88 

+ .01 

4.21 

+ .01 

6.93 

+ .01 

-10 

2.88 

+ .01 

4.20 

+ .01 

6.92 

+ .01 

-20 

2.88 

+ .01 

4.21 

+ .01 

6.92 

+ .01 

* Chemical  shift  of  the  tallest  peak  in  the  phenyl 
part  of  the  spectrum. 


Chemical  shift  of  the  7^  peak  from  upfield  in  the 
vinyl  part  of  the  spectrum.  The  position  of  this  peak  is 
an  approximation  of  the  average  chemical  shift  of  the 
strongly  collapsed  vinyl  part  of  the  spectrum. 


^0 


TABLE  12 

TEMPERATURE  DEPENDENCE  OF  THE  NCH^  PEAK  WIDTH  OF 
CH^(CgH^)N-B(CgH^)CH=CH2.  SOLUTION:  SATURATED  IN  CCl^ 


Temperature 

(°C) 

+70 

+61 

+50 

+41 

+57 

+54 

+52 

+20 

+10 

0 

-10 

-20 


Full  Width  at  Half  Maximum 
Intensity- 
Ceps) 

1.5  ± .1 
2.0  + .2 
2.2  + .1 

5.5  + .2 
5.5  + .2 

5.5  + .2 

4.5  + .2 

5.6  + .3 

4.4  + .2 
5.1  + .5 
2.0  + .1 
2.8  + .3 
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TABLE  19 

TEMPERATUEE  DEPENDENCE  OF  THE  NCH^  PEAK  SEPARATION 
OF  (CH^)2N-B(Cl)C^Hg.NEAT  LIQUID 


Temperature 

C°C) 

+78 
+68 
+60 
+52 
+43 
+52 
+ 8 
- 6 
-22 
-54 
-50 
-70 
-90 


NCH,  Peak  Separation 
5 

(ppm) 

.065  + .001 
.061  + .002 
.061  + .001 
.061  + .002 
.062  + .001 
.065  + .001 
.064  + .002 
.065  + .002 
.066  + .002 
.06^  + .001 
.069  + .004 
.066  + .005 
.070  + .001 
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TABLE  20 


TEMPERATURE  DEPENDENCE  OF  (CH^)2N-B(C1)CH^. 
SOLUTION:  SATURATED  IN  CCl^ 


Temperature 

Chemical  Shifts 
(T  ) 

NCH,  Peak 
3 

Separation 

(ppm) 

(°c) 

NCH 

3 

BCH^ 

+60 

7.122+.007 

7.184+.007 

9.416+,028 

.063+. 002 

+41 

7.114+.008 

7.I74+.OO7 

9.411+.015 

.060+. 007 

+32 

7.115+.007 

7.I75+.OO7 

9. 41 4+. 010 

.060+. 002 

+20 

7.110+.014* 

7.167+.014* 

9.390+.  007'* 

' .057+. 002 

0 

7.104+.006 

7.160+.006 

9.410+.005 

.057+. 005 

-20 

7.117+.006 

7.168+.006 

9. 41 0+. 014 

.051+. 010 

. ^Result  of  only  three  independent  determinations. 
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TABL3  21 

T3MPERATURE  DEPENDENCE  OP  CCH^)2N-B(Cl)n-C^H^. 
SOLUTION:!  VOLUME  SAMPLE  TO  2 VOLUMES  CCl^ 


Temperature 

CLemical 

Shift  (r) 

NCH^  Peak 

(°G) 

NCH^ 

Separation 

.torn) 

+70 

7.011+.002 

7.072+.002 

.061+. 002 

+51 

6. 926+. 005 

6.983+.005 

.057+. 001 

+34 

6.908+.015 

6. 967+. 015 

.059+. 001 

+10 

6. 952+. 008 

7.008+.008 

.056+. 001 

-11 

6. 925+. 007 

6. 979+. 007 

.05^+. 002 

TABLE  22 

TEMPERATUHE  DEPENDENCE  OF  (CH^)2U-B(Cl)n-C^H^ 
SOLUTION:  1 VOLUME  SAI'IPLE  TO  1 VOLUME  CDCl^ 


Temperature 

(‘’0) 

Chemical  Shift  ( Y ) 
NCH.^ 

NCHj  Peak 

Separation 

(ppm) 

+3^ 

6.955+.014 

7.000+.014 

.067 +.001 

-10 

6. 9^9+. 012 

7. 01 4+. 012 

.065+. 003 

-50 

6. 9^6+. 01 3 

7.012+.013 

.066+. 002 
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CHEMICAL  SHIFTS  OF  SOME  AMINOBORANES 
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Benzene  solution  of  the  sample 


DISCUSSION  OF  RESULTS 


The  Proton  Spectra 

Compounds  of  the  type  YY ' N-BRR * , -One  representative 
of  this  type  of  compound,  C^H^(H)N-B(CH^)2»  has  been 
investigated.  The  room  temperature  spectrum  of  this  com- 
pound has  already  been  discussed  in  the  section  on 
experimental  results. 

As  the  temperature  of  the  sample  was  lowered,  its 
NMR  spectrum  changed  markedly.  Two  tall,  fairly  broad 
peaks  began  to  emerge  on  the  up-field  side  of  the  complex 
of  lines  belonging  to  the  CH2  and  BCH^  protons.  These  two 
lines  are  attributed  to  the  non-equivalent  boron  methyl 
groups.  The  author  believes  this  is  the  first  time  non- 
equivalence of  the  boron  substituents  has  been  observed 
when  there  was  no  phenyl  substituent  on  the  nitrogen. 

As  the  temperature  of  the  sample  was  further  lowered, 
the  BCH^  peaks  in  the  spectrum  sharpened  up.  No  spectra 
could  be  obtained  below  -100°C,  since  resolution  in  the 
spectrum  became  too  poor  due  to  the  increased  viscosity  of 
the  sample.  At  -100°,  the  ratio  of  the  up-field  BCH^  peak 
area  to  the  combined  area  of  the  low— field  BCH^  and  the  CH2 
peaks  was  5*^  "to  6,6,  indicating  that  even  at  this  low 
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temperature  there  is  some  overlap  of  the  up-field  BCH^  peak 
and  the  CH2  peaks. 

The  temperature  dependence  of  the  BCH^  peak  separation 
and  of  the  chemical  shifts  in  the  neat  liquid  sample  has 
been  studied  from  -100®  to  +70®C,  These  results  are  con- 
tained in  Table  1.  From  these  results  it  can  be  said  with 
a good  degree  of  certainty  that  the  separation  of  the  BCH^ 
peaks  does  not  change  below  0°C.  The  BCH^  peaks  become 
broad  above  0®C  and  merge  with  the  CH2  peaks.  Thus  the 
BCHj  peaks  above  0®C  could  be  assigned  only  by  comparing 
these  high  temperature  spectra  with  those  obtained  below  0®. 
It  must  be  emphasized  that  above  0®  we  do  not  necessarily 
measure  the  "true"  position  of  the  BCH^  peaks,  but  rather 
the  apparent  position  where  they  had  become  part  of  the 
complex  of  CH2  and  BCH^  lines.  Thus,  it  is  not  surprising 
that  the  measurements  of  the  BCH^  peak  separations  do  not 
show  the  expected  decrease  above  0®C. 

While  the  temperature  dependences  of  the  neat  liquid 
sample  show  that  the  boron  methyls  are  non-equivalent  and 
that  the  BCH^  peaks  begin  to  merge  above  0®,  no  useable 
quantitative  measurements  could  be  made  due  to  the  overlap 
with  the  CH2  peaks. 

Next  a 1:1  benzene  solution  of  the  sample  was  pre- 
pared. It  was  hoped  that  preferential  shielding  of  some  of 
the  protons  of  the  sample  by  an  aromatic  solvent  would  move 
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the  CH2  and  BCH^  peaks  apart.  In  benzene  the  BCH^  peaks  do 
fall  on  the  low-field  side  of  the  CH2  peaks,  but  there  is 
still  considerable  overlap.  The  BCH^  peak  separation  in  a 
1:1  benzene  solution  agrees  with  that  obtained  for  the  neat 
liquid  sample.  The  BCH^  peak  separation  in  the  benzene 
solution  remains  constant  within  experimental  error  to 
-11°C,  the  lowest  temperature  that  could  be  obtained  with 
this  solvent. 

Next  a qualitative  dilution  study  in  benzene  was 
carried  out  with  the  hope  that  the  CH2  and  BCH^  peaks  could 
be  further  separated.  Increased  separ*ation  of  these  peaks 
beyond  the  threefold  dilution  point  was  found  to  be  negli- 
gible. 

A quantitative  dilution  study  in  m-xylene  was  also 
made.  The  results  agree  with  those  of  the  benzene  dilution 
study.  Since  m-xylene  boils  much  higher  than  benzene,  a 
temperature  study  was  made  of  a solution  containing  1 volume 
sample  to  15  volumes  m-xylene.  The  temperature  was  carried 
up  to  +100°C,  but  the  BCH^  peaks  disappear  so  completely 
among  the  CH2  peaks  at  temperatures  above  60®,  that  these 
high— temperature  spectra  could  not  be  analyzed.  Apparently, 
even  a +100®  temperature  is  not  quite  high  enough  to  cause 
the  merged  BCH^  peaks  to  sharpen  and  appear  as  a single 
laj?ge  peaJt  on  top  of  the  CH2  lines, 

A 1:1  dr-DMS  solution  of  the  sample  was  also  prepared, 
o 

Now  the  BCHj  protons  show  up  as  a single,  large,  fairly  sharp 
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peak  wkictL  is  superimposed  on  the  cyclopropyl  CH2  peaks. 

Thus  dg-DMS  reduces  the  N-B  double  bond  character,  pre- 
sumably by  bond  formation  between  the  oxygen  of  the  solvent 
and  the  boron  of  the  sample,  to  such  an  extent  that  the  BCH^ 
peaks  become  equivalent.  The  large  BCH^  peak  in  the  DMS 
solution  of  the  sample  did  not  broaden  as  the  temperature 
was  lowered.  The  temperature  could  not  be  carried  below 
+10°  since  DMS  crystals  began  to  form  at  this  temperature. 

Figure  2 provides  a comparison  of  the  CH2  and  BCH^ 
region  of  the  spectrum  of  C^H^(H)N-B(CH^)2»  as  a neat  liquid 
at  -90°C  and  +32°C  and  as  a solution  in  d^-DMS  at  +32°C. 

The  results  of  the  benzene  and  m-xylene  solution 
studies  are  to  be  found  in  Tables  2,  3»  and  4.  V/hile  there 
appears  to  be  a solvent  effect  on  the  BCH^  peak  separation, 
the  values  of  the  separation  above  0°  are  not  very  certain 
due  to  peak  overlap.  Therefore,  nothing  definite  can  be 
said  about  the  solvent  effect. 

While  no  measurements  could  be  made  which  would  allow 
one  to  calculate  the  activation  energy  of  hindered  rotation 
in  this  compound,  the  non-equivalence  of  the  boron  methyls 
has  been  established  both  from  the  temperature  dependence  of 
the  spectra  and  also  from  the  disappearance  of  the  non- 
equivalence in  DMS.  It  was  also  interesting  to  see  that  the 
cyclopropyl  group  was  sufficiently  anisotropic  so  as  to 
cause  non-equivalence  of  the  boron  methyls. 
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The  observed  non-equivalence  of  the  BCH^  when  a 
cyclopropyl  group  is  attached  to  the  nitrogen,  is  further 
evidence  for  the  anisotropic  character  of  the  cyclopropyl 
ring.  The  chemical  shift  of  9.78  T (2^)  for  cyclopropyl, 
which  is  unusually  high  for  a methylene  proton,  is  generally 
attributed  to  the  anisotropy  of  the  cyclopropyl  ring.  To 
date,  cyclopropyl  has  been  found  to  be  the  only  saturated 
hydrocarbon  with  appreciable  magnetic  anisotropy. 

Compounds  of  the  type  RR'N-BXX' .-Five  representatives 
of  this  group  of  compounds  were  investigated: 

( CH j ) 2N-B  ( CH j ) CH=CH2  , ( CH j ) 2N-B  ( ) CH=.CH2 , 

n-C^H^(CH^)N-B(C^H^)CH=CH2,  (CH^)2N-B(n-C^H^)C1  and 

(CH^)2N-B(CH  )C1. 

( Dimethyl amino )methylvinylborane, -The  N-methyl  peaks 
in  the  neat  liquid  spectrum  of  this  compound  show  up  as  two 
separate  peaks  of  equal  intensity  over  the  entire  temperature 
range  of  the  investigation  (-90°  to  +70°C).  Thus  the  N- 
methyls  seem  non-equivalent,  although  no  phenyl  or  chlorine 
is  attached  to  the  boron.  This  is  the  first  compound  to  the 
author's  knowledge  where  NCH^  non-equivalence  has  been 
observed,  when  no  phenyl  or  chlorine  was  attached  to  the 
boron.  Thus  apparently  the  vinyl  group  is  of  sufficient 
magnetic  anisotropy  as  to  cause  different  shielding  of  the 
NCH^  protons  cis  and  trans  to  the  vinyl. 
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The  separation  between  the  two  N-methyl  peaks  changes 
very  little  as  the  temperature  is  raised.  (See  Table  5.) 

Such  behavior  is  quite  different  from  the  behavior  of  amino- 
boranes  that  contain  no  vinyl  on  the  boron. 

Non- equivalence  of  the  nitrogen  substituents  in  amino- 
boranes  with  vinyl  on  the  boron  may  arise  in  three  ways;  1) 
Restricted  rotation  about  the  N-B  bond  could  cause  non- 
equivalence. Such  restricted  rotation  is  believed  to  be  the 
cause  of  the  magnetic  non-equivalence  of  the  substituents  in 
aminoboranes  cited  in  the  literature.  However,  a high 
barrier  to  rotation  seems  peculiar  to  the  boron-vinyl-  system. 

If  restricted  rotation  about  the  N-B  bond  is  the  sole 
cause  of  the  non-equivalence,  the  raised  barrier  to  rotation 
when  vinyl  is  on  the  boron  is  contrary  to  expectations.  One 
would  suppose  that  since  the  vinyl  group  itself  can  form  a 
partial  double  bond  with  the  boron,  there  would  be  competi- 
tion with  the  nitrogen-boron  double  bond  formation,  and  the 
N-B  double  bond  character  might  be  decreased. 

However,  as  Gould  (25)  points  out  in  the  discussion 
of  conjugation  of  C=C,  one  should  not  attach  too  great  a 
physical  significance  to  the  individual  canonical  forms. 

What  these  forms  indicate  is  that  the  atoms  joined  by  single 
bonds  are  brought  closer  together  by  attraction  between 
their  n electrons.  This  "extra”  attraction  need  not  take 
place  at  the  expense  of  the  adjacent  multiple  bonds.  Thus, 
while  the  double  bond  formation  does  not  necessarily 
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decrease  tlie  double  bond  cbaracter  of  tbe  N-B  bond,  it  is 


not  expected  to  increase  tbe  N-B  bond  order. 

2)  Restricted  rotation  about  tbe  bond  could 

be  another  source  of  tbe  magnetic  non-equivalence  of  tbe 
nitrogen  substituents.  Since  cis-trans  isomerism  is  possible 
about  tbe  bond,  it  would  be  fortuitous  if  tbe  two 

isomers  bad  equal  populations.  Tbe  fact  tbat  tbe  two  NCH^ 
peaks  of  (CH^)2N-B(CHj)CH=CH2,  as  well  as  of 
(CHj)2N-B(CgH^)CH=CH2  and  CHj(n-C^H^)N-B(CgH^)CH=CH2»  liave 
been  found  to  be  of  equal  area,  points  against  restricted 


rotation  about  tbe  bond  as  tbe  sole  cause  of  tbe 

NCH,  non-equivalence, 

p 

Also,  if  there  is  restricted  rotation  about  tbe 
bond,  tbe  vinyl  protons  of  tbe  two  isomers  are 
expected  to  be  non-equivalent,  though  tbe  shielding  may 
not  be  very  different.  Only  one  set  of  peaks  has  been  ob- 
served for  tbe  vinyl  protons  of  (CH^)2N-B(CH^)CH=CH2. 

3)  Finally,  tbe  nitrogen  substituent  non- equivalence 


may  arise  from  restricted  rotation  about  both  tbe  N-B  and 

tbe  B-C  . bonds.  Tbat  is,  there  would  be  conjugation 
vinyl 

and  restricted  rotation  about  tbe  bonds  of  the  entire  four 
atom  system  of  tbe  N— B— C-C  grouping.  For  such  a conjugated 


system  one  isomer  is  expected  to  be  energetically  favored. 

Conjugation  and  restricted  rotation  throughout  tbe 
four  atom  system  with  only  one  isomer  present  will  account 
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for  all  the  observed  NMR  facts  in  (CHj)2N-B(CHj)CH=CH2: 
NGHj  non-equivalence  and  equal  NCH^  pealc  size;  only  one 
set  of  vinyl  peaks;  and  moreover,  a high  barrier  to  rota- 
tion about  the  N-B  bond  can  now  be  explained  by  the  loss 
of  conjugation  throughout  the  four  atom  system  that  would 
result  if  there  were  rotation  about  the  N-B  bond.  It  is 
noteworthy,  that  due  to  conjugation  a higher  barrier  to 
rotation  about  the  N-B  bond  is  observed,  although  the  N-B 
bond  may  be  of  lower  order. 

Since  the  NGH^  peak  separation  changes  very  little, 
none  of  the  conventional  methods  of  obtaining  NUR  rate 
constant  could  be  employed.  If  the  NGH^  peak  separation 
continues  to  decrease  at  the  same  rate,  0,016  ppm/100 ° , 
the  peaks  would  merge  at  about  +350® G.  Of  course,  it  is 
much  more  likely  that  the  NGH^  peaks  will  start  to  merge 
more  rapidly  and  that  the  coalescence  temperature  will  be 
considerably  lower  than  +350®. 

The  spectrum  of  the  viriyl  group  also  changes  with 
temperature.  At  the  higher  temperatures  the  =GH  part  of 
the  spectrum  consists  of  five  lines;  four  fundamental 
lines  and  two  combination  lines  so  close  together  that 
they  cannot  be  resolved.  As  the  temperature  is  lowered, 
these  combination  lines  move  apart  and  can  be  resolved 
into  two  lines  at  about  -10®G.  As  the  temperature  is 
further  lowered,  the  combination  lines  move  farther  apart 
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and  lose  intensity  to  the  fundamental  lines.  (Compare 
Figures  5 and  ^.) 

The  two  =CH2  protons  of  the  vinyl  group  have  shifts 
very  close  together,  so  this  part  of  the  spectrum  could 
not  he  assigned  hy  inspection.  Detailed  computer  analysis 
of  the  vinyl  spectrum  will  he  needed  to  see  whether  the 
relative  chemical  shifts  of  the  =CH2  protons  change  as 
the  =CH  part  of  the  spectrum  changes.  Such  a parallel 
change  in  =CH2  chemical  shifts  and  combination  line  be- 
havior was  observed  in  vinyl  chloride  by  Scott  (26)  as  the 
temperature  was  varied  and  in  vinyl  bromide  by  Schaeffer 
and  Schneider  (27)  as  the  solvent  was  varied. 

The  temperature  dependence  of  (CHj)2N-B(CHj)CH=CH2 
has  also  been  investigated  in  CCl^  solution  with  TMS  as 
internal  standard.  Since  the  available  temperature  range 
in  this  solvent  was  only  from  -10®  to  +70®,  both  the  NCH^ 
peak  separation  eind  the  chemical  shifts  vary  very  little. 
(See  Table  8.) 

The  sample  was  also  run  as  a saturated  solution 
in  d^-DMS.  The  sample  and  d^-DMS  were  found  to  be  only 
partially  miscible.  The  NCH^  non-equivalence  was  not  re- 
moved by  this  solvent.  A possible  explanation  for  this 
behavior  is  that  since  the  B has  a chance  to  form  a double 
bond  intramole cularly  with  the  N and  the  vinyl  C,  the 


Figure  5.  The  vinyl  part  of  the  spectrum  of  neat  (CH^)2N-B(CH^)CH=CH2  at  +32“C. 

The  third  peak  from  the  left  is  the  superposition  of  the  two  combination 
lines . 
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=CH  =CH2 

Figure  4,  The  vinyl  part  of  the  spectrum  of  neat  (CHj)2N-B(CH^)CH=CH2  at  -90“C.  The  third 
and  fourth  peaks  from  the  left  are  the  combination  lines. 
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boron  is  less  likely  to  form  an  acid-base  pair  inter- 
molecularly  with  DMS. 

That  tbe  DMS  affects  the  boron  very  little  can  be 
seen  from  tbe  cbemical  shifts,  which  were  determined 
both  in  the  neat  liquid  and  the  d^-DMS  solution  and  were 
found  to  be  identical.  If  there  were  a strong  acid-base 
pair  formation  between  boron  and  d^-DMS,  one  would  expect 
the  boron  to  be  appreciably  shielded.  The  proton  chemical 
shifts  remain  unaffected  by  the  d^-DMS.  Again,  if  there 
were  strong  acid-base  pair  formation,  the  substituents  on 
boron  would  be  expected  to  be  appreciably  shielded,  while 
those  on  the  nitrogen  would  also  be  shielded,  but  to  a 
lesser  degree. 

(Dimethylamino)phenylvinylborane  and  (methyl  n-butyl- 
amino)phenylvinylborane.-As  expected,  the  temperature  de- 
pendences of  these  two  compounds  were  very  similar.  The 
NCHj  peaks  in  both  compounds  show  up  as  two  separate  peaks 
over  the  entire  temperature  range  from  -10°  to  +120°C.  For 
(CH^)2N-B(CH^)CH=CH2  we  have  seen  that  the  vinyl  group 
reduces  the  ease  of  rotation  about  the  N-B  bond.  From  the 
temperature  dependences  of  these  present  vinylboranes , it 
appears  that  the  vinyl  substituent  on  boron  stabilizes  the 
N-B  double  bond,  even  if  a phenyl  is  also  attached  to  the 
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boron.  These  compounds  show  no  sign  of  merging  or  line 
broadening  even  at  +120° C. 

From  Tables  6 and  7 we  see  that  the  NCH^  peaks  move 
slightly  apart  as  the  temperature  is  raised.  Such  behavior 
is  contrary  to  expectation  if  we  suppose  less  hindered 
rotation  as  the  temperature  is  increased.  The  increased 
separation  of  the  NCH^  peaks  must  be  due  to  a chemical 
shift  change  in  one  or  both  of  the  N-methyls. 

To  test  if  the  chemical  shifts  of  the  NCH^  change 
measurably,  a careful  study  was  made  of  the  temperature 
dQp@nd©nc§  of  the  shifts.  The  results  of  the  study  are 
summarized  in  Tables  9 and  10.  All  the  chemical  shifts 
remained  reasonably  constant  over  the  entire  temperature 
range.  The  increase  in  the  NCH^  peak  separation  was  very 
small,  0.05  PPm  over  150°.  Since  the  error  in  the  chemical 
shift  is  of  this  magnitude  or  larger,  the  shift  study  could 
not  prove  our  hypothesis. 

Spectra  have  also  been  obtained  of 
CH^(n-C^Hg)N-B(CgH^)CH=CH2  as  a saturated  solution  in 
dg-DMS.  The  sample  and  solvent  are  only  partially  mis- 
cible. Again,  as  was  found  for  (CHj)2N-B(CHj)CH=CH2,  this 
solvent  did  not  remove  the  non-equivalence  of  the  NCH^. 


(See  Table  18.) 


69 


(Dimethylamiiio)phenylvinylboraLne  decomposes  in  d^-DMS. 
Since  none  of  tbe  other  aminoboranes  with  vinyl  on  the  boron 
have  been  decomposed  by  dg-DMS,  such  behavior  is  rather 
peculiar.  Trace  impurities  may  have  catalyzed  the  decompo- 
sition. 

Next  a less  potent  reagent,  CDGl^,  was  tried.  Since 
CDClj  is  a mild  acid,  it  was  hoped  that  CDCl^  would  form  an 
acid-base  pair  with  the  nitrogen  of  the  aminoborane  and  thus 
remove  the  NCH,  non-equivalence,  V/hile  neither  of  the 
samples  was  decomposed  in  CDCl^,  the  NCH^  non-equivalence 
was  neither  removed  nor  reduced.  Both  the  chemical  shifts 
and  the  NCH^  peak  separation  are  the  same  in  CDCl^  as  they 
had  been  in  CCl^,  (Compare  Table  9 with  Table  16;  Table  10 
with  Table  17.) 

The  vinyl  spectra  of  (CH^)2N“B( 0^11^)011=01^  and 

CHj(n-C^Hg)N-B(C^H^)CH=CH2,  while  not  quite  as  collapsed 
as  the  vinyl  spectrum  of  (CHj)2N-B(CH^)CH=CH2,  still  could 
not  be  analyzed  by  inspection,  A computer  analysis  of  the 
vinyl  spectra  and  their  temperature  dependences  is  planned. 
The  four  low-field  lines  in  the  vinyl  spectrum  have  been 
assigned  to  the  =CH  proton,  the  next  four  lines  to  the  =CH2 
proton  tran.q  to  the  boron,  while  the  quartet  at  highest 
field  has  been  assigned  to  the  =CH2  proton  cis  to  the  boron. 
These  assignments  have  been  made  on  the  basis  of  the  size  of 
the  coupling  constants,  the  order  in  vinyl  compounds  in 
general  being 
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Combina’bion  lines  in  the  =CH  part  of  the  spectrum , 
such  as  have  been  observed  for  (CHj)2N-B(CHj)CH=CH2  do  not 
appear  in  these  two  compounds.  This  is  not  surprising, 
since  now  the  chemical  shifts  of  the  =CH2  protons  are 
farther  apart.  The  lines  belonging  to  the  =CH2  protons  show 
broadening  at  high  temperatures.  This  broadening  is 
particularly  marked  for  the  proton  trans  to  boron. 

Comparison  of  Figure  5 with  Figure  6 illustrates  the 
broadening  of  the  =CH2  protons  at  elevated  temperatures, 

A Stuart-Briegleb  model  of  the  molecule  was  made 
using  a sp2  N piece  for  the  boron  and  an  sp2  C piece  for  the 
nitrogen.  The  model  indicates  that  the  vinyl  proton  trans 
to  the  boron  protrudes  fairthest  from  ^he  other  atoms  in  the 
molecule  and  should  be  least  affected  by  them.  However, 
since  the  exact  spatial  relationship  between  this  proton 
and  the  phenyl  group  is  not  known  and  since  the  effect  of 
the  phenyl  ring  falls  off  moderately  rapidly  [about  90  per 

o 

cent  decrease  in  shielding  over  a distance  of  ^ A (20)],  the 
effect  of  the  phenyl  ring  current  may  well  be  felt  at  the 
proton  tran .q  to  the  boron  and  thus  aid  in  its  relaxation  and 
broadening.  That  the  presence  of  the  phenyl  group  on  boron 
is  rather  important  for  the  observation  of  such  broadening, 
can  be  seen  from  the  fact  that  broadening  was  not  observed 
in  (CHj)2N-B(CH^)CH=CH2. 

Intermolecular  interactions  between  the  proton  trans 
to  the  boron  and  the  phenyl  group  on  the  neighboring  molecule 
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Figure  5«  The  phenyl  and  vinyl  regions  of  neat  (CH,)pN-B(CgHj.)CH=CH_  at  +32°C. 
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could  also  account  for  the  observed  broadening.  Since  the 
proton  trans  to  the  boron  protrudes  fratbest  from  the  rest 
of  the  molecule,  such  intermolecular  interactions  would  be 
most  likely  to  affect  it.  Since  about  the  same  degree  of 
broadening  was  observed  in  the  CCl^  solutions  as  in  the  neat 
liquid  sample,  the  proposed  intermolecular  interaction  would 
have  to  be  a rather  strong  one.  Also,  since  the  broadening 
appears  at  elevated  temperatures  where  intermolecular  inter- 
actions are  expected  to  be  diminishing,  intermolecular 
interactions  appear*  to  be  the  least  likely  explanation  for 
the  observed  broadening. 

Electronic  changes,  in  particular  changes  in  the  tc- 
electron  distribution  of  the  molecule,  can  affect  the  relaxa- 
tion time  and  the  broadening.  In  the  vinylic  system  the 
■y’aiiues  of  Jj.  and  of  the  chemical  shifts  are  good  indi— 

cators  of  such  changes  (28).  Therefore,  a computer  analysis 
of  the  temperature  dependence  of  the  vinyl  groups  will  be 
most  interesting.  Indeed,  should  the  computer  analysis  show 
that  the  line  spacings  are  not  fair  indicators  of  the  coupling 
constants,  the  line  assignment  may  have  to  be  changed.  That 
is,  the  broadened  line  may  not  belong  to  the  trans  proton, 
but  rather  to  the  proton  cis  or  gem  to  the  boron.  Since  the 
boron  vinyl  spectra  are  strongly  second  order,  there  is  a 
finite  possibility  of  poor  line  spacing-coupling  constant 
correspondence.  Still,  the  same  arguments  as  have  been  used 
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for  ttie  "brans  pro"bon,  would  also  explain  "blie  broadening  of 
"bhe  cis  or  gem  protons*  Intramolecular  interactions  between 
the  proton  in  question  and  the  phenyl  group  would  be  more 
likely  for  the  cis  or  gem  case  than  for  the  trans  case. 

The  vinyl  spectrum  of  CHj(n-C^H,^)N-B(C0H^)CH=CH2  in 
CDCl,  and  CCl,,  solutions  exhibits  a further  unexpected 
feature:  the  resonances  belonging  to  the  =CH  proton  and  the 

=CH2  proton  cis  to  the  boron  are  doubled  by  about  1 cps. 

Since  the  resonance  lines  belonging  to  the  =CH2  proton  trans 
to  the  boron  are  broad,  no  splitting  could  be  observed  there. 
Since  there  is  no  nearby  single  spin-one-half  nucleus  to 
which  the  vinyl  protons  could  couple,  spin-spin  coupling  has 
to  be  ruled  out  as  the  source  of  the  doubling.  Such  doubling 
could  be  due  to  either  two  non-equivalent  vinyl  groups  or  to 
second-order  splitting.  Both  of  these  quantities  are  field 
dependent;  therefore,  running  the  proton  spectrum  at  a 
different  operating  frequency  would  not  give  us  further 
information.  Again,  computer  analysis  may  yield  the  observed 
second-order  splitting. 

Two  non-equivalent  vinyl  groups  may  arise  in  several 
ways:  hindered  rotation  about  the  N— B bond,  hindered  rota- 
tion about  the  bond,  solvated  and  unsolvated  solute 

molecules.  Since  the  splitting  was  found  to  be  the  same  in 
both  the  1 volume  sample  to  1 volume  CDCl^  solution  and  the 
1 volume  sample  to  2 volumes  CCl^  solution,  it  is  rather 
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unlikely  that  there  would  be  the  same  fraction  of  solvated 
solute  molecules  with  the  same  shielding  in  the  two  solutions. 
This  leaves  us  hindered  rotation  about  a B bond  as 
the  source  of  the  doubling.  For  the  symmetrically  substi- 
tuted compound  (CHj)2N-B(C0H^)CH=CH2»  there  was  no  splitting 
of  the  vinyl  peaks.  This  would  lead  one  to  suspect  cis-trans 
isomerism  about  the  N-B  bond  to  be  the  cause  of  the  vinyl 
splitting  for  the  unsymmetrically  substituted  compound 
CH^(n-C^Hg)N-B(C^H^)CH=CH2.  However,  it  would  be  most  sur- 
prising to  find  sufficient  magnetic  anisotropy  between 
methyl  and  n-butyl  to  account  for  the  observed  vinyl  split- 
ting. 

The  bulkier  n-butyl  group  may  affect  the  bonding  of 
the  molecule,  particularly  the  phenyl  skew-angle,  in  such  a 
way  as  to  raise  the  barrier  to  rotation  about  the 
bond.  Then  the  vinyl  splitting  would  be  due  to  cis-trans 
isomerism  about  the  bond.  Thus  NMR  alone  cannot 

distinguish  whether  the  rotation  about  the  H-B  or  the 

bond  is  responsible  for  the  non-equivalence  of  the 
vinyl  peaks. 

Comparison  of  Figure  7 with  Figure  8 shows  the  split- 
ting of  the  vinyl  protons  gem  and  cis  to  the  boron  in  the 
CCl^  solution  of  the  sample, 

(Dimethyl amino) n-butyl chi or oborane  and  Cdimethyl- 
amino )me thyl chi or ob or ane . -Non-equi val ence  of  the  NCH^  protons 
was  observed  in  both  of  these  compounds. 
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Figure  ?.  The  vinyl  part  of  the  spectrum  of  neat  CH^(n-C^^Hg)N-B(C^H^)CH=CH2  at  52®C. 
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The  chlorine  on  boron  is  supposed  to  stabilize  the 
N-B  double  bond  according  to  the  IR  results  of  Becher  and  of 
Baechle  (9,17).  This  seems  to  be  confirmed  by  our  MR 
results:  the  NCH^  peak  separation  in  both  of  these  compounds 

changes  very  little  over  the  entire  temperature  range.  In 
the  case  of  chlorine,  conjugation  cannot  be  proposed  as  the 
cause  of  the  greater  N-B  bond  stability.  However,  chlorine 
is  more  electronegative  than  boron,  so  the  chlorine's  in- 
ductive effect  may  promote  and  stabilize  the  N-B  double 
bond  formation. 

(Dimethylamino)n-butylchloroborane  is  a liquid,  so 
its  spectrum  could  be  run  as  a neat  liquid.  The  NCH^  peak 
separation  decreases  by  only  0.07  ppn^  over  the  110°  range 
of  the  temperature  study.  Such  minute  changes  are  probably 
due  to  chemical  shift  changes  of  the  NCH^  protons,  rather 
than  a decrease  in  the  barrier  to  rotation. 

Both  (CHj)2N-B(CHj)C1  and  (CH^)2N-B(n-C^Hg)Cl  have 
also  been  run  in  CCl^  solution.  The  temperature  dependence 
of  (CH^)2N-3(n-C^H^)Cl  in  this  solvent  is  almost  identical 
to  those  of  the  neat  liquid.  For  (CH^)2N-B(CHj)C1  the  NCH^ 
peak  separation  increases  very  slightly,  0.01  ppm/80°C,  as 
the  temperature  is  raised.  Again  this  change  is  attributed 
to  change  in  the  shielding  of  the  NCH^  protons  with  tempera- 
ture, but  because  the  error  in  the  chemical  shifts  is  of  the 
same  magnitude  as  the  change  in  the  NCH^  peak  separation. 
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the  shift  study  could  not  establish  the  source  of  the  change 
in  the  NCH^  peak  separation. 

An  attempt  has  been  made  to  run  both  samples  in 

d^-DMS  solution,  but  not  surprisingly  both  samples  decompose 
6 

very  rapidly  in  this  solvent.  Next  the  less  potent  solvent, 
CDCl:z,  was  tried.  While  neither  of  the  compounds  decomposed 
in  this  solvent,  (CH^)2N— B(CH^)C1  was  insufficiently  soluble 
to  obtain  a useable  spectrum.  The  temperature  dependence  of 
(CHj)2N-B(n-C^Hg)Cl  in  CDCl^  is  almost  identical  with  that 
for  the  CCl^  solution. 

Compounds  of  the  type  R(C0H^)N-B(C0H^)X.-The  one 

representative  of  this  type  of  compound  was 
CHj(CgH5)N-B(C^H^)CH=CH2.  The  NCH^  and  the  =CH  peaks  of 
this  compound  in  the  CCl^  solution  are  sharp  at  low  tempera- 
tures, As  the  temperature  of  the  sample  is  raised,  these 
peaks  show  a marked  broadening  around  room  temperature.  As 
the  temperature  is  further  increased,  the  peaks  sharpen 
again,  (See  Table  12.) 

Figure  9 shows  the  well-resolved  vinyl  spectrum  at 
-20®C  and  the  broadened  vinyl  spectrum  at  +10®C. 

These  results  have  been  found  to  be  quite  reproducible, 
and  the  broadening  was  not  due  to  field  inhomogeneity , as 
could  be  seen  by  the  sharpness  of  the  TMS  peak.  The  .full 
width  at  half  maximum  peak  intensity  was  1.2  cps  or  less  for 
TMS  at  all  temperatures.  Neither  was  the  broadening  caused 
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Figure  9,  The  vinyl  part  of  the  spectrum  of  CH,(CgH_)N-B(CgHc)CH=CH2,  saturated  solution  in  CCl^^  at  -20 
and  +10‘>C.  ^ 
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by  dipole-dipole  interaction  of  the  solute  molecules  since 
the  peak  widths  remained  unaltered  on  dilution  with  CCl^. 

(See  Table  13.)  This  leaves  interchange  between  mag- 
netically non-equivalent  environments  as  the  cause  of  the 
broadening.  The  peak-width  study  in  d^-DMS  (Table  13) » 
further  narrows  this  down  to  restricted  rotation  about  a 
boron  bond;  in  d0-DMS  the  peaks  are  narrow  because  partial 
double  bond  character  of  any  boron  bond  has  been  greatly 
reduced.  Since  the  infra-red  studies  of  Becher  and  Baechle 
(18)  on  CHj(G0H^)N-B(C0H^)CHj  indicate  that  possibly  res- 
tricted rotation  about  the  B-G  t and  N-G  bonds,  in 

aryl  aryl  ’ 

addition  to  the  N-B  bond,  may  also  be  involved,  we  cannot 

say  with  certainty  which  boron  bond  is  principally  responsible 

for  the  observed  NMR  results.  X-ray  studies  of 

CH^(C0H^)N-B(O0H^)GH«CH2  are  planned  (29),  and  it  is  hoped 

that  the  experimental  bond  lengths  and  bond  angles  will  shed 

light  as  to  which  boron  bond  is  of  highest  order.  The 

Stuart-Briegleb  model  of  GH^(G0H^)N-B(G0H^)GH=GH2  indicates 

that  there  is  considerable  steric  hindrance  to  rotation 

about  both  the  IT-B  and  the  B-G  . , bonds. 

vinyl 

Thus  the  broadening  of  the  NGH^  and  =GH  proton  peaks 
around  room  temperature  may  be  explained  by  the  slow  inter- 
conversion between  two  magnetically  non-equivalent  states. 
However,  the  chemical  shifts  of  these  states  are  close 
enough  together  so  that  separate  peaks  cannot  be  resolved, 
and  we  only  see  broadening. 
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As  the  temperature  is  raised,  in.terconversion  between 
the  states  becomes  more  rapid  and  we  see  an  average  shift 
accompanied  by  a narrowing  of  lines.  Thus  the  temperature 
dependence  of  CH^(C^H^)N-B(C^H^)CH=CH2  above  room  temperature 
is  analogous  to  the  behavior  of  other  aminoboranes  above 
the  coalescence  temperature. 

The  nairrowing  of  the  lines  below  +20°  can  be  ex- 
plained by  a rapid  decrease  in  the  population  of  the  less 
favored  isomer,  so  that  at  low  temperatures  we  see  a spectrum 
of  essentially  the  favored  isomer.  Such  a steep  temperature 
dependence  postulates  a fairly  large  enthalpy  difference 
between  the  two  states.  For  a similar  compound, 
CHj(CgH^)N-B(C^H^)CHj,  which  also  has  unequal  population  of 
the  two  isomers  at  room  temperature,  Chakrabarty  (29)  has 
found  a threefold  decrease  in  the  equilibrium  constant 
between  +55°  and  +20°C. 

Without  the  simplifying  assumption  of  equal  popula- 
tion in  the  two  states,  the  NTIR  rate  equations  have  not 
been  treated  successfully  as  yet  in  the  region  of  coales- 
cence (30).  Therefore,  a quantitative  analysis  of  the 
narrowing  of  the  NCH^  line  below  room  temperature  is  not 
feasible.  If  the  crude  assumption  is  made  that  the  popula- 
tions of  the  two  isomers  are  nearly  equal  above  room 
temperature,  the  activation  energy  may  be  estimated.  The 
further  assumption  was  made  that  the  rate  of  rotation  is 
inversely  proportional  to  the  line  width.  A better  estimate 
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of  the  rate  constant  could  have  been  made  hy  analyzing  the 
complete  line-shape  function.  The  extra  effort  did  not  seem 
justified  in  light  of  the  assiamption  of  equal  population. 

Thus  in  Figure  10,  the  log  of  the  inverse  of  the  line-width, 
AV , has  been  plotted  against  1/T.  From  the  slope  of  the 
plot  we  obtain  =61  + 6 kcal/mole,  which  is  very  much 

larger  than  the  activation  energy  that  has  been  found  for 
other  aminoboranes , Considering  the  roughness  of  the  approxi- 
mation of  equal  populations,  no  claim  can  be  made  as  to  the 
correctness  of  the  value  of  61  kcal/mole  for  the  activation 
energy. 

The  Resonances 


General  features  of  the  boron  resonances 


As  expected,  all  the  boron  resonances  were  broad,  due 
to  the  enhancement  of  the  quadrupolar  broadening  by  the  nitro- 
gen. The  resonances  for  the  phenyl  containing  compounds  were 
particularly  broad:  80  to  400  cps  full  width  at  half  maximum 

peak  intensity.  Apparently  the  magnetic  anisotropy  of  the 
phenyl  ring  contributes  to  relaxation  and  broadening.  The 
widths  of  the  boron  resonances  in  samples  containing  no  phenyl 
group  ranged  from  55  to  75  cps  full  width  at  half  maximum 
peak  intensity.  No  further  generalizations  could  be  made  as 
to  the  effect  of  substituent  or  of  bonding  on  peak  width. 

With  the  exception  of  the  samples  containing  hydrogen 
directly  on  the  boron,  all  the  boron  resonances  were 
singlets.  In  the  samples  containing  hydrogen  directly  on 


NCH^  Peak  Width  (10/cps) 


8^ 


Figure  10.  Arrhenius  plot  for  CHj(CgH^)N-B(CgH^)CH=CH2» 
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ttie  boron,  tbe  boron  resonance  was  doubled  by  coupling  to 
the  hydrogen.  The  B-H  coupling  constant  was  found  to  be 
99  + 10  cps  for  trimethylborazine  and  111  + 10  cps  for 
1 ,3-diaza-2-boracyclohexane. 

As  v;as  mentioned  earlier,  Hawthorne  (22)  has  shown 
that  the  boron  resonances  for  monomeric  dialkyl  aminoboranes 
are  down-field  from  trimethylb orate,  while  those  for  di- 
meric dialkyl  aminoboranes  are  up-field  from  trimethylborate. 
The  chemical  shifts  of  all  the  compounds  in  the  present 

investigation  are  down-field  from  trimethylborate.  There- 
fore, all  the  compounds  in  the  present  series  must  be  in 
the  monomeric  form.  Thus  any  non-equivalence  of  alkyl 
groups  on  boron  or  nitrogen  cannot  be  due  to  dimer  forma- 
tion. 

The  B^^  chemical  shifts  of  the  aminoboranes  show  a 
definite  pattern  which  appears  to  be  closely  related  to  the 
substituents  directly  attached  to  the  boron. 

Whenever,  in  the  course  of  an  experiment,  a substitu- 
ent - shift  relationship  crops  up,  several  questions  occur 
to  the  investigator:  are  the  effects  of  the  substituents 

additive?  Are  the  substituent  effects  a function  of  the 
electronegativity  of  the  substituent,  or  are  mesomeric 
effects  important  also?  How  important  are  steric  effects? 

Additivity  of  substituent  effects.— To  test  the  addi- 
tivity of  the  shift  effects,  a set  of  relative  shift 
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contributions  has  been  obtained.  For  example,  by  subtract- 
ing tbe  average  of  the  first  three  entries  in  Table  24  from 
the  fourth  entry  of  the  same  table,  we  obtain  the  following 
relative  shift  contribution  for  a pair  of  substituents; 

(C^H^)  - (CH^)  = +(1.3  + .9)  ppm.  Other  sets  can  be  ob- 
tained similarly.  The  sets  of  averaged  relative  shift 
contributions  for  the  substituent  pairs  in  our  series  of 
compounds  are  summarized  in  Table  25. 

In  obtaining  these  values,  the  effect  of  substitution 
on  the  nitrogen  has  been  disregarded,  as  long  as  the  first 
atom  in  the  substituent  is  a carbon  or  hydrogen.  Clearly, 
this  is  only  a first  approximation,  as  can  be  seen  from  the 
first  three  entries  in  Table  24,  These  three  entries  have 
the  same  formula,  except  for  differing  substituents  on  the 
N,  yet  the  chemical  shifts  differ  appreciably  more  than 
the  experimental  error.  This  difference  is  attributed  to 
the  differing  substituents  on  N. 

When  the  substituent  on  the  nitrogen  is  another  boron, 
as  in  trimethyl  borazine  (Entry  22  in  Table  24),  its  effect 
on  the  chemical  shift  can  no  longer  be  neglected.  Now 
the  nitrogens  influence  the  B chemical  shift  to  a lesser 
extent,  since  each  nitrogen  is  attached  to  two  borons. 

Thus  we  have  designated  the  nitrogen  substituents  in  tri- 
methylborazine  as  "N-." 
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TABLE  25 

RELATIVE  SHIFT  CONTRIBUTIONS  OF  SUBSTITUENTS 


Substituent 

Pair 


(B)  , 

(OHj) 

(OjHj)  , 

(CHj) 

(OHj) 

(C3H5)  , 

(OHj) 

(CH=CH2)  , 

(OHj) 

(H)  , 

(OHj) 

(Cl)  , 

(OHj) 

(u)  , 

(OHj) 

(N_)% 

(OHj) 

* 

The  symbol  N_  is  used 
to  two  borons. 


Relative  Shift 
Contribution 
(ppm) 

-2.8  + 1.8 
0.0 
0.0 

+1.6  + .9 
+^.7  + 1.8 
+^.7  + 

+6.9  + .9 

+15.8  + .9 

+12.4  + .9 

to  indicate  a nitrogen  bonded 
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Having  a set  of  relative  ciiemical  shift  contributions 
for  pairs  of  substituents,  one  only  needs  to  assign  a shift 
value  to  one  of  the  substituents  to  obtain  a "shift  scale." 
Conceptually  it  would  be  most  satisfactory  to  select  the 

boron  substituent  as  the  basis;  however,  only  two  compounds 

/ 

with  boron  were  available  to  us  (Entries  12  and  13  in  Table 
24) , and  the  agreement  between  these  was  rather  poor.  For 
this  reason  CH^  has  been  selected  as  our  basis  and  assigned 
a shift  contribution  of  +0.0.  Now  with  this  assignment. 
Table  25  becomes  a "shift  scale"  table. 

To  test  the  self  consistency  of  additivity  of  the 
shift  contributions  of  the  substituents,  we  need  to 
select  a zero  of  shift.  Again  we  have  used  the  first 
three  entries  in  Table  24  to  obtain  the  shift  origin.  Thus; 
Sum  of  substituent  contributions  + shift  origin 
= observed  shift 

(15.8  + .9)  ppm  + (0.0)  + (0.0)  + Shift  origin 
= -27.6  + .9  ppm 
Shift  origin  = -45.4  + ,9  ppm  , 

Now  we  are  in  the  position  to  reconstruct  or  "calcu- 
late" the  chemical  shifts  of  the  other  compounds  in  the 
series.  The  results  of  this  effort  are  to  be  found  in  Table 
26.  The  observed  chemical  shifts  and  the  difference  between 
calculated  and  observed  shifts  have  also  been  included. 
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TABLE  26 

SELE-CONSISTENCE  OE  ADDITIVITY  OE  THE  SHIET 
CONTHIBUTIONS  OE  B^^  SUBSTITUENTS 


B^^  Substituents 

B^^  Shift  (ppm  from  BCOCH,),) 

0 ^ ■ 

Observed 

Calculated 

Difference 

N(CH5)CgH^ 

-26.5+.1 

-26.0+  .9 

+0.3 

N(CH^)CH=CH2 

-21.4+.05 

-22.9+1.8 

-1.5 

N(CgH^)CH=CH2 

-21.3+. 5 

-21.3+1.8 

0.0 

N(n-C^Hg)Cl 

-20.7+.03 

-20.7+  .9 

0.0 

N(C1)C1 

-12.2+.5 

-13.7+  .9 

-1.5 

N(B)CH^ 

-32.2+. 05 

-30.4+1.8 

+1.8 

HCBjOgHj 

-27.3+.1 

-28.8+1.8 

-1.5 

N(N)H 

- 7.1+.^ 

• - 7.1+  .9 

0.0 

N(N)CH^ 

-11.8+.1 

-11.8+  .9 

0.0 

N(N)C2H^ 

-12.0+.02 

-11.8+  .9 

+0.2 

N(N)n-C^Hg 

-12.5+.1 

-11.8+  .9 

+0.7 

N(N)CgH^ 

- 9.7+.7 

-10.2+  .9 

-0.5 

N(N)CH=CH2 

- 8.9+.1 

- 7.1+  .9 

+1.8 

N_(N_)H 

-1^.0+. 2 

-15.9+  .9 

+0.1 

90 


The  agreement  between  observed  and  calculated  chemi- 
cal shifts  is  quite  satisfactory.  In  no  case  is  the 
difference  more  than  twice  the  deviation  from  the  mean,  in 
the  average  value  of  the  chemical  shift  of  the  first  three 
entries  in  Table  24,  Since  this  average  has  been  used  in 
the  calculation  of  both  the  relative  shift  contributions 
and  the  shift  origin,  the  agreement  between  the  observed 
and  the  calculated  shifts  is  quite  good.  Thus  the  shift 
contributions  of  the  substituents  are  additive, 

shift  and  inductive  - mesomeric  effects  of  the 
substituents , -Inspection  of  Table  25  shows  that  the  relative 
shift  contribution  of  the  substituents  gives  an  order 
opposite  from  that  expected  from  electronegativity-induc- 
tivity considerations,  A purely  electrostatic  picture  of 
shielding  predicts  increased  shielding,  hence  increased 
shift,  with  decreased  electronegativity  of  the  substituent. 
Clearly  this  is  not  the  case  for  our  aminoboranes ; therefore, 
mesomeric  effects  of  the  substituent  must  be  important. 
Indeed,  the  relative  shift  contributions  in  Table  25  do  fol- 
low the  M+  order  of  the  substituents,  with  the  possible 
exception  of  hydrogen, 

A plot  of  the  shifts  versus  the  sum  of  the 
Pauling  electronegativities  of  the  first  atom  in  the  sub- 
stituent makes  up  Figure  11,  In  our  series  of  compounds, 
one  substituent  is  always  nitrogen.  For  the  other  substitu- 
ents the  first  atom  has  been  indicated  next  to  each  point 
on  the  plot. 


X (c,c) 
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• (N,H) 
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8.0  8.5 
Sum  of  Substituent  Electronegativities 
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Figure  11.  Boron  shift  dependence  on  substituent  electronegativi- 
ties. 
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According  to  Figure  il  only  a rough  relationship 
exists  between  the  shifts  and  the  sum  of  the  electronega- 
■tivities.  The  points  of  the  plot  fall  into  two  groups; 
points  for  compounds  with  only  one  nitrogen  on  the  boron 
and  points  for  compounds  with  two  nitrogens  on  the  boron. 

For  a given  electronegativity,  the  compounds  with  two  nitro- 
gens are  always  more  shielded  than  the  ones  with  only  one 
nitrogen.  This  indicates  that  increased  u-bonding  between 
the  boron  and  the  substituent  is  rather  effective  in  shield- 
ing the  boron.  One  exp>ects,  and  apparently  obtains,  more 
double  bond  character  between  boron  and  nitrogen  than  be- 
tween boron  and  either  chlorine  or  an  unsaturated  hydro- 
carbon. 

For  the  group  of  compounds  with  two  nitrogen  sub- 
stituents there  are  too  few  data  points  to  be  able  to  say 
whether  the  shielding  increases  or  decreases  with  increasing 
electronegativity  of  the  substituents.  For  the  compounds 
with  only  one  nitrogen,  there  are  enough  data  points  to 
indicate  that  the  shielding  increases  with  increasing 
electronegativity  of  the  substituents.  This  behavior  is 
;just  the  opposite  to  what  one  would  expect  from  a purely 
electrostatic  picture  of  shielding.  Therefore,  mesomeric 
effects  must  contribute  to  the  shielding  of  the  boron. 
Indeed,  by  inspecting  the  substituents,  we  see  that  the 
ease  with  which  they  form  a double  bond  with  boron. 
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Cl  > C » B,  predicts  the  correct  direction  for  the  observed 
shielding. 

Thus  for  the  aminoboranes  studied,  any  shift  and 
substituent  electronegativity  correlation  that  may  exist  is 
overshadowed  by  the  mesomeric  effects  of  the  substituents. 

Importance  of  steric  effects. -It  is  interesting  to 
note  that  the  vinyl  group  causes  greater  shielding  of  B^^ 
than  does  the  phenyl  group.  (Of.  Entries  ^-7,  18,  21  in 
Table  24.)  Apparently  the  vinyl  group  is  more  effective 
in  its  mesomeric  contribution  than  is  the  phenyl  group,  or 
the  vinyl  group  induces  a greater  N-B  double  bond  character. 
Actually,  this  is  not  surprising,  since  one  expects  that  it 
is  easier  for  the  vinyl  group  to  conjugate  with  the  N-B 
partial  double  bond,  than  it  is  for  the  phenyl  group  to  do 
so.  For  most  effective  conjugation  the  plane  of  the  phenyl 
ring  or  the  plane  of  the  vinyl  carbon-carbon  bond  has  to 
lie  in  the  plane  of  the  N-B  bond.  Now  it  is  easier  for  the 
vinyl  group  to  attain  this  desired  configuration  than  it  is 
for  the  bulky  phenyl  group  to  do  so,  as-  can  be  seen  from 
Stuart-Briegleb  models  of  (CH^)2N-B(C0H^)CH^  and 
( CH^ ) 2N-B ( ) CH=CH2 . 

That  steric  effects  are  quite  important  in  deter- 
mining the  amount  of  double  bond  character  between  boron 
and  a substituent,  can  be  seen  from  9ilO“SLzaboradecalin 
(Entry  25,  Table  24).  The  B^^  shift  of  this  compound  is 
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th.e  liighest  in  the  series,  namely  -(3-8  + .02)  ppm,  even 
though  "both  the  N and  the  B have  only  aliphatic  substitu- 
ents. (Of.  Entries  1-3,  Table  24.)  In  Figure  1,  the  point 
for  9,10-azaboradecalin  is  way  off  the  line  drawn  through 
the  points  for  the  other  compounds  with  one  nitrogen.  It 
is  proposed  that  the  steric  configuration  of  the  two  rings 
promotes  the  N-B  double  bond  character  and  hence  increases 
the  shielding  of  the  boron.  A Stuart-Briegleb  model  of 
9,10-azaboradecalin  shows  that  rotation  about  the  N-B  bond 
is  restricted  to  very  small  angles,  while  in  the  model  of 
(C2H^)2N-B(C2H^)2  rotation  is  rather  free. 

In  the  single-ring  aminoboranes  (Entries  lA— 21,  Table 
24)  steric  effects  must  be  negligible  in  going  from  a six- 
membered  to  a s even-member ed  ring,  as  can  be  seen  from  the 
almost  identical  shifts  of  the  apirs  of  Entries  15  and  19, 

16  and  20,  1?  and  21. 


CONCLUSIONS  AND  SUHMARY 


Restricted  Rotation  About  the  N~B  Bond 

Separate  peaks  for  the  cis-trans  isomers  have  heen 
observed  in  all  the  proton  spectra,  except  in  the  spectrum 
of  CHj(CgH^)N-B(C0H^)CE=CH2.  Even  in  this  compound  the 
=CH  and  NCH^  peaks  show  considerable  broadening  below  room 
temperature.  Since  merging  of  the  sepeirate  peaks  of  the 
cis-trans  forms  was  not  observed  at  the  temperatures  avail- 
able, the  barrier  to  rotation  could  not  be  determined  for 
the  aminoboranes  of  this  study,  Erom  the  narrowing  of  the 
broad  NCH^  peak  at  elevated  temperatures,  the  barrier  to 
rotation  for  CH^(C^H^)N-B(C^H^)CH=CH2  was  very  roughly 
estimated  at  60  kcal/mole,  which  is  considerably  greater 
than  the  barriers  to  rotation  quoted  in  the  literature. 

Anisotropy  of  the  Substituent 

Different  shielding  of  the  cis  and  the  trans  BCH, 

^ 

was  observed  when  the  substituent  on  nitrogen  was  a cyclo- 
propyl  group.  This  was  the  first  time  non-equivalence  of 
the  BCH^  peaks  has  been  observed  when  there  was  no  phenyl 
on  the  nitrogen. 
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Non-equivalence  of  tiie  NCH^  protons  was  observed 
wben  the  substituent  on  boron  was  a vinyl.  Again,  this  was 
the  first  time  that  non-equivalence  of  NCH,  has  been  re- 
ported  when  the  boron  substituertt  was  a vinyl. 

Thus,  cyclopropyl  and  vinyl  have  been  found  to  be 
sufficiently  anisotropic  to  cause  observable  shift  differ- 
ences of  aminoborane  substituents. 

Effect  of  the  Substituent  on  the  Barrier  to  Rotation 

The  stabilization  of  the  N-B  double  bond  by  chlorine 
(9,10,15,17)  bas  been  confirmed  in  this  investigation,  since 
no  merging  or  broadening  of  the  non-equivalent  NCH^  peaks 
for  (CH^)2N-B(CH^)C1  or  (CH^)2N-B(n-C^H^)C1  was  observed. 

The  vinyl  group  also  raised  the  barrier  to  rotation 
about  the  N-B  bond,  since  merging  or  broadening  of  non- 
equivalent NCHj  peaks  was  not  observed  for 
(CH^)2N-B(CHj)CK=CH2,  (CHj)2N-BCCgH^)CH=CH2,  and 
CH^(n-C^H^)N-B(CgH^)CH=CH2.  The  effect  of  the  vinyl  group 
was  felt  on  the  B^^  shifts  also,  since  the  vinyl  shielded 
the  boron  noticeably  more  than  the  phenyl.  As  was  mentioned 
earlier,  this  could  be  due  to  either  the  mesomeric  effect 
of  the  vinyl  or  to  the  increased  N-B  double  bond  character 
when  vinyl  is  attached  to  boron. 

That  the  phenyl  group  lowers  the  N-B  double  bond 
character  (9,17),  seems  to  be  borne  out  by  the  temperature 
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dependence  of  the  spectrum  of  CHj(CgH^)N-B(CgH^)CH=CH2. 

This  is  the  only  compound  with  vinyl  on  the  boron  where 
rapid  interconversion  of  isomers  was  attained,  as  indicated 
by  the  sharpening  of  the  broad  NCH^  peak  at  elevated 
temperatures.  The  different  behavior  of  this  BCH=CH2 
compound  is  attributed  to  the  presence  of  the  two  phenyl 
groups. 

It  is  curious  to  note  that  the  barrier  to  restricted 
rotation  about  the  N-B  bond  is  raised  whenever  there  is  an 
0 (6),  Cl  (9,10,15,17  present  work)  or  CH=CH2  (present 
work)  on  the  boron.  All  these  substituents  could  form  a 
double  bond  with  the  boron  and  thus  compete  with  the  N-B 
double  bond  formation.  Apparently  this  is  not  the  case, 
since  these  substituents  increase  the  energy  barrier,  prob- 
ably by  resonance  stabilization. 

The  presence  of  vinyl  among  the  substituents  - Cl,  0, 
and  CH=CH2  - which  stabilize  the  N-B  bond  is  most  signifi- 
cant. Chlorine  and  oxygen  could  increase  the  N-B  double 
bond  character  by  their  inductive  influence.  The  electro- 
negativity of  the  vinyl  group,  however,  is  not  significantly 
different  from  that  of  the  alkyl  or  particularly  the  phenyl 
group.  Therefore,  increase  in  the  N-B  bond  stability  in 
the  case  of  the  vinyl  substituent  indicates  resonance 
stabilization  throughout  the  conjugated  system. 
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Solvent  Effects  on  the  Barrier  to  Rotation 

For  the  two  compounds,  C^H^(H)1T-B(CHj)2  and 
CHj(CgH^)lT-B(CgH^)CH=CH2,  for  which  the  harrier  to  rotation 
was  low  enough  to  see  changes  in  the  spectra  at  elevated 
temperatures,  the  solvent  d^-DMS  removed  the  non-equi vale nee. 
Presumably  the  oxygen  of  the  solvent  forms  a strong  enough 
dative  bond  with  the  boron  so  as  to  reduce  the  N-B  double 
bond  character  to  the  point  where  non-equivalence  could  no 
longer  be  observed. 

For  the  other  two  compounds  of  this  series  which 
did  not  decompose  in  dg-DMS,  (CHj)2N-B(CH^)CH=CH2  and 
CHj(n-C^H^)N-B(CgH^)CH=CH2,  d^-DHS  did  not  remove  the  non- 
equivalence. Apparently  in  these  compounds  the  intra- 
molecular N-B  dative  bond  is  too  strong  to  be  appreciably 
affected  by  intermole cular  B-0  bonding.  Since  both  of 
these  compounds  contain  vinyl  on  the  boron,  the  lack  of 
solvent  effect  in  DMS  is  further  proof  of  the  N-B  bond 
stabilization  by  vinyl. 

The  mildly  acidic  solvent,  CDCl^,  did  not  affect  the 
barrier  to  rotation  in  any  of  the  aminoboranes  that  were 
studied  in  this  solvent. 
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Chemical  Shift  of  the  Substituents  and  Bonding_in 
■■  the  Aminoh cranes 

The  temperature  may  affect  the  proton  chemical  shifts 
of  the  substituents  in  several  ways.  If  the  double  bond 
character  of  the  N-B  linkage  is  reduced,  the  substxtuents 
on  N should  be  more  shielded,  while  those  on  B should  be 
less  shielded.  If  temperature  changes  alter  the  average 
spatial  relationship  between  atoms  of  the  molecule,  the 
chemical  shifts  of  the  substituents  may  be  altered.  Such 
changes  of  the  spatial  relationships  between  the  atoms  can 
be  accomplished  by  either  excitations  of  vibrational  and 
rotational  modes  or  by  changes  in  the  bonding  of  the  atoms. 
In  turn,  changes  in  bonding  are  expected  to  influence  the 

electron  distribution  in  the  molecule. 

Apparently,  none  of  these  effects  were  of  appreciable 

magnitude  for  the  temperature  range  available,  since  the 
careful  temperatures  studies  of  this  investigation  show  no 
significant  changes  in  the  substituent  chemical  shifts. 

The  largest  change  was  observed  for  the  NCH^  chemical  shift 
of  n-C^H^(CH5)IT-B(CgH^)CH=CH2  in  CDCl^  solution.  Here  the 
NGH-z  shift  increased  0.1  ppm  v/ith  a decrease  of  80°C  in  the 
temperature.  Even  this  change  is  only  two-to-three  times 
as  great  as.  the  experimental  scatter.  Again,  the  lack  of 
temperature  effects  on  the  substituent  shifts  points  to  fair 
bonding  stability  in  these  aminoboranes. 


100 


The  chemical  shifts  of  the  substituents  were  somewhat 
more  sensitive  toward  solvent  changes  than  to  temperature 
changes.  Dimethylsulf oxide  is  supposed  to  reduce  the  double 
bond  character  of  the  N-B  linkage  and  thus  increase  the 
shielding  of  the  N substituents.  Indeed,  a slight  increase 
in  the  NCH,  shift  is  always  observed,  when  shifts  in  the 
CCl^  and  DMS  solutions  are  compared. 

If  there  is  strong  acid-base  pair  formation  between 
the  B of  the  solute  and  the  0 of  the  solvent,  the  BCH^  are 
expected  to  be  more  shielded  in  DMS  solution.  Since  the 
BCH^  shift  of  (CH^)2N-B(CH^)CH=CH2  is  the  same  in  dg-DMS 
solution  as  it  was  in  CCl^,  double  bond  formation  between 
the  oxygen  of  the  solvent  and  the  boron  of  the  solute  is 
less  strong  than  intramolecular  double  bond  formation  be- 
tween the  nitrogen  and  the  boron  of  the  solute. 

The  solvent  CDCl,  acts  as  a hydrogen  donor  in  hydro- 

0 

gen  bond  formation.  To  the  extent  that  hydrogen  bonding 
reduces  the  N-B  double  bond  character  of  the  aminoborane  in 
CDCl,  solution,  the  nitrogen  and  its  substituents  gain 
electron  density.  This  would  tend  to  increase  the  shielding 
of  the  nitrogen  substituents.  But  to  the  extent  that  the 
nitrogen  forms  a hydrogen  bond  with  the  D,  the  nitrogen  and 
its  substituents  lose  electron  density.  This  decreases  the 
shielding  of  the  nitrogen  substituents.  Apparently,  the 
first  mentioned  effect  of  CDCl^  is  more  important  for 
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(CH^)2N-B(CH^)CH=CH2,  (CHj)2N-B(CgH^)CH=GH2,  and 
(CH^)2N-B(n-C^H^)C1 , since  the  NCH^  shifts  for  these  com- 
pounds increase  in  CDCl^  solution  as  compared  to  the  shifts 
in  CCl^  solution.  For  CH^(n-G^H^)lT-B(CgH^)CH=CH2,  however, 
the  NGH^  shift  decreases  in  GDGl^  solution  as  compared  to 
the  shift  in  the  GGl^  solution. 

Effect  of  Substituents  on  the  B^^  Shift 

The  effects  of  the  substituents  on  the  boron  shifts 
have  been  found  to  be  additive.  These  effects  follow  the 
mesomeric  rather  than  the  inductive  order  of  the  substitu- 
ents. Steric  effects  of  the  substituents  are  important, 
in  particular  for  cases  where  the  steric  effect  influences 
the  N-B  double  bond  formation. 
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